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WALL-PRESSURE  FLUCTUATIONS AND PRESSURIZ-VELOCITY 

CORREXATIONS IN A TURBULENT BOUNDARY LAYER' 
by John S. Serafini 

Lewis  Research  Center 

SUMMARY 

Pressure  fluctuations of a  turbulent  layer  along  a  plane  boundary  have  been 
investigated  experimentally. All measurements  were  made  at  a  nominal  free- 
stream  Mach  number  of 0.6 and an average  Reynolds  nunher  per  foot  of 3. 45>(106 in 
a  wind-tunnel  facility  specially  designed  for  the  purpose.  The  pressure  fluctua- 
tions  were  measured  with  miniature  pressure  transducers  and  the  velocity  fluctua- 
tions  with  hot-wire  anemometers. 

Tae  root-mean-square  magnitudes  of  the  wall-pressure  fluctuations  agree 
with  the  Lilley-Hodgson  theoretical  results,  whereas -the man-square spectra  do 
not  agree  except  over  a  small  range  of  frequencies.  Space-time  correlations  of 
the  wall-pressure  fluctuations  generally  agree  with  Willmarth's  experimental re- 
sults for longitudinal  separation  distances.  Measurements  of  lateral  space-time 
correlations  indicated  that  the  ratio  of  the  longitudinal  to  lateral  length- 
scale  is  approximately 7.4. The  convection  velocity  of  th?  fluctuations  is 
found  to  increase  with  increasing  separation  distances  and  its  significance  is 
explained. 

Measurements  of  the  correlations  of  the  wall-pressure  fluctuations  with  the 
longitudinal  conponent  of  the  velocity  fluctuations  indicate  that  the  contribu- 
tions  to  the  wall-pressure  fluctuations  are  from  two  regions,  an  inner  region 
near  the  wall  and  an  outer  region  linked  with  the  intermittency. 

INTRODUCTION 

I n  the  past,  research on turbulent  flows  has  been  mainly  concerned  with  the 
description of velocity  fields  of particula turbulent  flows. O n l y  in  recent 
years  has  some  interest  been  shown in determining  the  characteristics  of  pres- 
sure fluctuations  associated  with  turbulence.  This  increased  interest  in  the 
characteristics  of  fluctuating  pressures  resulted  from  major  engineering  problems 

lInformation  presented  herein  was  offered  as  a  thesis in partial  fulfillment 
of  the  requirements  for  the  degree  of  Doctor  of  Philosophy  to  Case  Institute  of 
Technology,  Cleveland,  Ohio,  June 1962. 



created  by  high  levels  of  aerodynamic noise  from  powerful j e t  engines  and  high- 
speed  a i rcraf t .  Even though  the  research a i m  has  been  the  phenomenological  de- 
s c r ip t ion  of   turbulent   f lows  to   calculate   the  radiated  noise ,   the   s tudy of t h e  
pressure   f luc tua t ions  and t h e i r   r e l a t i o n   t o   t h e   t u r b u l e n t   v e l o c i t i e s  i s  funda- 
mental. Such i s  the   case   for   tu rbulen t   f low  f ie lds   exhib i t ing  a mean shear  and 
exposed t o  bounding  surfaces,  for example, the  turbulent   plane w a l l  boundary 
layer .  

The f i rs t  de f in i t i ve  works on the  general  problem  of  aerodynamic  noise gen- 
erated  by a f luctuat ing  veloci ty   f ie ld   without   confining  boundaries   are   the two 
c lass ica l   theore t ica l   papers   by   L ighth i l l   ( re fs .  1 and 2). I n  t h e  f i rs t  of 
these  papers  the  problem was formulated i n  terms of a nonhomogeneous wave equa- 
t i o n   f o r   t h e   n o i s e   i n  which the  nonhomageneous term was approximated  by a f luc-  
t ua t ing  stress tensor  having  nonzero  values  within  the  confines of the  dis turbed 
f low  f ie ld .  The work by  Lighthi l l   s t imulated a series  of  papers  based on h i s  
theory  that   s tudied  the aerodynamic  noise  generated  by  particular  turbulent 
flows (refs. 3 t o  11). AU these  papers  are  concerned  with  the  aerodynamic 
noise  radiated  from a turbulent   region of  flow. 

The determination of p r e s s u r e   f l u c t u a t i o n s   i n t r i n s i c   t o  a t u r b u l e n t   f i e l d  
requi res  only tha t   the   bas ic   equa t ions  of  motion  and  continuity  be  satisfied  for 
a f l u i d  assumed t o  be  incompressible  and  Stokesian.  Beisenberg (ref. 1 2 )  and 
Batchelor (ref. 13) considered  the  pressure  f luctuations from homogeneous, iso- 
tropic  turbulence.  Kraichnan  (ref. 14 )  determined  the  f luctuat ing  pressure 
f i e l d  wTthin homogeneous anisotropic  turbulence. The f i rs t  a t t e q t   t o  determine 
the  wal l -pressure  f luctuat ions  for  a turbulent-boundary-layer f l o w  over a plane 
boundary was by  Kraichnan  (ref. 15). A ndrror flow model about  the  plane bound- 
a ry  was used,  and  Fourier  transform  techniques  were  applied  to  obtain a so lu t ion  
of the   Poisson ' s   equa t ion   for   the   p ressure   f luc tua t ions   a t   the   spec i f ied  bound- 
ary,  While  the  idealized  boundary-layer  flow  does  not  correspond to   t he   cha r -  
a c t e r i s t i c s  of an  actual   turbulent  boundary layer ,   the   analysis   a long  with  di-  
mensional  arguments  gives  results  for  the mean-square pressure-f luctuat ion mag- 

nitude and spectrum. In  par t icular ,   Kraichnan showed t h a t  = pcf where 
p i s  a f ac to r  between 2 and 12. (Symbols are  defined  in  appendix A.)  

L i l l e y  and Hodgson ( r e f .  1 6 )  used  an  analysis similar i n  method t o  that of 
Xraichnan  (ref. 15) but  depending on a s l i g h t l y   d i f f e r e n t  model. An approximate 
theory i s  presented for the   wal l -pressure  f luctuat ions f o r  a turbulent  boundary 
layer .   In  a subsequent  paper  Lilley  (ref. 1 7 )  p resents  a mare exact   analysis  

r e s u l t i n g   i n  a/% = 3.1 cf. 

The experimental work on the   cha rac t e r i s t i c s  of p re s su re   f l uc tua t ions   i n  
turbulent  flows has  been  l imited  to  measurements a t  the  surface  of  pipe walls or 
wind-tunnel w a l l s .  Measurements  were obta ined   in   re fe rence  18 of the  magnitude 
and spec t ra l   dens i ty  of the  wal l -pressure  f luctuat ions  a t   veloci t ies   between 50 
and 200 f e e t   p e r  second. Although t h i s  work w s  l imi ted  as t o   t h e  ambient  noise 
l e v e l   i n   t h e  wind-tunnel f a c i l i t y  and type of pressure  transducer  used, a value 
of 0.8 was determined f o r  the  effect ive  convect ive  veloci ty  of the  pressure 
f luctuat ions  divided  by  the  f ree-s t ream  veloci ty .  
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WiUmarth (ref. 1 9 )  has made measurements  with  an  improved  pressure  trans- 
ducer  of the wall-pressure fluctuations associated with turbulent  boundary 
layers within a pipe. The results i n c l d e   t h e  magnitude and spectra  of t he  w a l l -  
pressure  f luctuat ions  presented i n  dimensionless form. The space-time  correla-' 
t i o n s  confirmed the   ex is tence  'of the convective pattern of the pressure  f luctua-  
tions. 

Reference 20 presents   wal l -pressure  f luctuat ion measurements d o n g  with 
aerodynamic noise measurements made i n  a water tunnel   for  smooth and rough sur- 
faces .   In   reference 2 1  some measurements  were made of  the  correlations  over 
narrow  frequency  bands a t  l o w  velocities.  Reference 22 presents some measure- 
ments  of the  longi tudinal   space- t ime  carrelat ions of waU-pressure  f luctuations 
in   t u rbu len t   p ipe  flow. 

The previously  mentioned  theoretical.  papers  (ref 8. 1 4  t o  1 7 )  and  experi- 
mental  papers  (refs. 18 t o  22)  have  indeed  resulted i n  considerable  contribu- 
t i o n s  toward  determining  the  behavior of the  wall-pressure  f luctuations.  How- 
ever ,   in   the   case  of the  experimental work, much of the   da ta  was taken  in   f lows 
not  properly  simulating  the  desired  turbulent  f low and  with  pressure  transducers 
somewhat l i m i t e d   i n  performance. It was  f e l t   t h a t  a need ex i s t ed   fo r   add i t iona l  
experimental   data  taken  for a plane w a l l  turbulent  boundary l aye r  under  care- 
fully controlled  f low  conditions,  and t h a t  measurements  should  be  taken  which 
a t t empt   t o   r e l a t e   t he   wa l l -p re s su re   f l uc tua t ions   t o  a t  l e a s t  some of the  char- 
ac te r i s t ics   o f i t tu rbulence   wi th in   the   tu rbulen t   l ayer   i t se l f .  

The present work i s  pr imar i ly   an   experhenta l  study of the  wall-pressure 
f luc tua t ions  of a turbulent  boundary  layer and of t h e i r   r e l a t i o n  t o  the  turbu- 
len t   ve loc i t ies   wi th in   the   l ayer ,   Theore t ica l   cons idera t ions   a re  only presented 
where necessary  to   a l low  interpretat ion of the  experimental   data   in   terms of t he  
applicable  physical  theory. 

The magnitude  and  frequency spec t r a l   d i s t r ibu t ions  of the  wall-pressure 
fluctuations  have  been  measured  with  three  pressure  transducers. These t rans-  
ducers   have  different   effect ive  sensi t ive  areas  and include two d i f f e ren t  
types - piezoelectric  ceramic and capaci t ive diaphragm. The r e s u l t s   a r e  com- 
pared  with  other  reported measurements. 

Extensive  space-time  correlations of the  wal l -pressure  f luctuat ions have 
been made with  the  use of piezoelectric  ceramic  transducers. Data were obtained 
with  the  l ine  connect ing  the  t ransducers  making an  angle of Oo, 45O, and 90° 
with  respect   to   the  f ree-s t ream  veloci ty .  TAese measurements are  analyzed  with 
the   i n t en t  of r e l a t i n g  them t o   t h e   v e l o c i t y   c h a r a c t e r i s t i c s  of the  layer.  

I n  an  attempt t o   r e l a t e  more prec ise ly  the waU-pressure  f luctuat ions  to  
the   ve loc i ty   f luc tua t ions  of the   l ayer ,   cor re la t ions  of the  wall-pressure  trans- 
ducer  signals and  hot-wire  signals  are  presented  and  discussed.  Since  this  type 
of  measurement i s  new, i t s  p o s s i b i l i t i e s  and l imi t a t ions  are completely  dis- 
cussed  both  from  the  view of physical   s ignif icance and measurement technique. 

Acknowledgement i s  made t o  Dr. Gustav  Kuerti of Case I n s t i t u t e  of Tech- 
nology f o r   h i s   i n t e r e s t  and advice i n  the   p repa ra t ion   o f   t h i s  work. 

3 



APPARATUS ANI) PROCEDURE 

All t h e  measurements  were made  of the  turbulent  boundary  layers on one in- 
s ide w a l l  of t h e   t e s t   s e c t i o n  of a continuous-suction  nonreturn wind tunnel 
specially  designed f o r  t h i s   i nves t iga t ion   ( f ig .  1). The airf low was drawn from 
a very  large room (with  access t o   o u t s i d e  a h )  through a s e t  of f i l t e r s  a t  t h e  
inlet  and through a contract ion  sect ion  into  the  tes t   sect ion.  The t e s t   s e c t i o n  
had  porous  inner w a l l s  on th ree   s ides   t o  remove some of t h e  low-energy  boundary- 
l a y e r  a i r  a l l  along  the  side  opposite  the  mzasured  boundary  layer and t o  remove 
it p a r t i a l l y  on the  two s ides   ad jacent   to   the  measured  boundary layer. The net  
r e s u l t  was that   the   longi tudinal   s ta t ic-pressure  gradient   could  be  adjusted  to  
be  zero or even  adverse. 

A t  t h e   e x i t  of t h e   t e s t   s e c t i o n  was a v ibra t ion- i so la t ion   sec t ion   a f te r  
which the   a i r f low w a s  choked  by an  area-constricting  section which i s  designated 
as a control  block. It cont ro ls   the  mean f l o w   i n   t h e   t e s t   s e c t i o n  and  prevents 
any  undesirable  noises  that  may occur in   t he   p ip ing   t o   t he   exhaus t ing  machinery 
from  being  propagated  acoustically  upstream  into  the  test   section. For f u r t h e r  
d e t a i l s  on the   w ind- tunne l   f ac i l i t y   r e f e r   t o  appendix By which describes it more fully. 

The  mean  Mn3ch  nuzTiber i n   t h e  wind tunnel was s e t  a t  0.6. The suction  flow 
through  the  porous w a l l s  was controlled t o  give a s l ight ly   favorable   longi tu-  
dinal. st ,a t ic-pressure  gradient   for  most of t h e  experiments. The stagnation con- 
d i t i o n s  a t  t h e   i n l e t  were  atmospheric  pressure and temperature. For t h e   e n t i r e  
s e t  of  exgeriments  the  stagnation  pressure and texperature  ranged  from 28.98 t o  
29.54 inches of mercury,  and from 35' t o  87' F, respectively.  During any given 
experiment  the maximum variat ion  in   s tagnat ion  pressure and temperature was 
f0.04 inch of  mercury and f7' F, respectively. The exhaust  pressure was main- 
ta ined  a t  approximately 10 inches of  mercury absolute. 

The  mean ve loc i ty   p ro f i l e s  of the  turbulent  boundary layer   ad jacent   to   the  
so l id  w a l l  were colqputed from measurements made a t  s ta t ions  along t h e   t e s t  sec- 
t ion   wi th  an automatically  activated  total-pressure probe. The  mouth of the  
probe was f la t tened  such t h a t  i t s  to t a l   he igh t  was 0.015  inch,  the w a l l  thickness 
was 0.0025 inch, and the   in te rna l   he ight  was 0.010 inch.  Contact  with  the w a l l  
was determined  electrically.  A pressure  transducer  (0-5  lb/sq  in. ) measured the 
differences of the  boundary-layer t o t a l   p re s su re  and free-stream  stagnation  pres- 
sure as e lec t r ica l   s igna ls .  The probe t r a v e l  was measured  from an e l e c t r i c a l  
signal.  from  the  electric  probe  actuator. These  measxrements  were  used t o  calcu- 
l a t e   t h e  boundary-layer  parmeters  such as E*, 8 ,  H, Reer  and cf ,  which was 
calculated from the  Ludwig-Tillman equation  (ref.  23). 

The pressure  f luctuat ions were  measured with two types of pressure  trans- 
ducers. A detai led  descr ipt ion of both  types of these  transducers and t h e i r  
c a l i b r a t i o n  i s  given i n  appendix C and f igure  2. Table I presents a descr ipt ion 
of the  pressure  transducers  used  along  with  alphabetic  designations.   Their 
spectral-amplitude  response  calibrations  are  given i n   f i g u r e  3. 

The mean-square wall-pressure  f luctuations were  measured at various  points 
along  the w a l l  with two transducers - piezoelectric  transducer ZR and condenser 
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transducer CA. For the  space-time  correlations of wall-pressure  fluctuations, 
matched pairs of 0.125-inch-diameter piezoelectr ic   pressure  t ransducers  were 
used. The method of construction i s  the  same as that   for   the  smaller   t ransducer  
ZR used t o  measure  -the  magnitude  and  spectra. The  minimum transducer  separation 
dis tance was 0.181 inch,  and  the maximum w a s  6.235 inches. The 8-inch-diameter 
p o r t   i n  which t h e   p a i r s  were  maunted could   be   ro ta ted   in  the plane of the wall.. 
Measurements w e r e  made a t  angles of Oo, 45O, and 90° to   the  s t ream  veloci ty .  

In the   case of the   cor re la t ions  of ve loc i ty  and  wall-pressure  fluctuations, 
both  transducers ZS and CB were used. !The method of i n s t a l l a t i o n  was similar t o  
t h a t  for  measurement of t he  mean-square pressure  f luctuat ions and i s  i n d i c a t e d   i n  
f igu re  4, 

The ve loc i ty   f luc tua t ions  were  measured with  the  use of a constant- 
temperature  hot-wire anemometer system  described in   r e f e rences  24,  25, and 26. 
A descr ip t ion  of t he  method of  obtaining  and  evaluating  the  hot-wire  data ob- 
ta ined  herein i s  given i n  appendix D along w i t h  some general  comments on the  use 
of the  hot-wire anemometer. The stream component  of t he   f l uc tua t ing   ve loc i ty   i n  
the  boundary  layer was measured a t   s e v e r a l   s t a t i o n s   a l o n g   t h e   t e s t   s e c t i o n   t o  
es tab l i sh   the  development of the  turbulent  boundary layer.  

The most important  use of the  hot-wire  probes was in   obtaining  the  correla-  
t i o n s  of the  wall-pressure and ve lac i ty   f luc tua t ions .   In   th i s   case   severa l   ho t -  
wire  probes of s l igh t ly   d i f fe ren t   d i s tances  from prong t i p s   t o  probe  centerline 
(see  f ig .   4)  were used. This made it poss ib l e   t o  make measurements  of the  cor- 
r e l a t i o n  between the  wall-pressure and ve loc i ty   f luc tua t ions  where the  hot-wire 
and the  pressure  transducer were separated by several  streamwise  distances e 
as measured in   t he   p l ane  of t he  wall and  noted i n   f i g u r e  4. Separation dis- 
tances q, where q i s  measured  normal t o  the  stream  velocity  vector and i n   t h e  
plane of the  w a l l  ( f i g .   4 ( b ) ) ,  were obtained  by f irst  rotating  the  hot-wire 
probe to   ge t   the   des i red   separa t ion  q and then  rotating  the  8-inch-diameter 
port   wi thin which both  the  pressure  transducer and hot-wire  probe were i n s t a l l e d  
until the  axis of the  hot-wire  probe was aga in   pa ra l l e l  t o  the  stream  velocity 
vector ,   that  is, the   t es t - sec t ion   longi tudina l   cen ter l ine ,  

T?te r e l a t ive   pos i t i on  of the  hot-wire  and  pressure  transducer  in  the  plane 
of t he  w a l l  was viewed  and  photographed  by means of a spec ia l ly   bu i l t  camera 
setup  that   al lowed  optical   magnifications  by a f ac to r  of 10 o r  more.  Not only 
w a s  adjustment of the  separat ion  dis tance  passible   with  the  use of t h i s  camera 
setup,  but a l s o  a good  measurement  of it was  made from the  photographic nega- 
t i ves ,  which showed the  pressure  transducer and hot-wire  probe  with  precision 
steel   scales,   having  0.01-inch  markings,   al ined  in  appropriate  directions and 
v i s i b l e   i n   t h e  photograph.  These position  photographs were taken   pr ior  t o  and 
a f t e r  each  survey as pa r t  of the  standard  data-taking  procedure.  Considerable 
a t t e n t i o n  was given t o   t h i s  measurement of separat ion  dis tances ,  as preliminary 
experiments   indicated  this   to   be a c r i t i ca l   po in t   in   these   exper iments ,  

For all the   var ious  types of  measurements a f t e r  f i rs t  establishing  steady- 
s ta te   f low  condi t ions   in   the  wind tunnel ,   the   total   temperature  and pressure and 
s ta t ic   p ressures  were recorded  and  subsequently  monitored  during  the  entire sur- 
vey.  Tae instrumentat ion  for   obtaining and analyzing  the  data on the   ve loc i ty  
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and pressure fluctuations  (appendixes C and D) i s  indicated  by  the  schematic 
diagrams in  f igure  5. The e l e c t r i c d   v o l t a g e s   r e s u l t i n g  from  these  f luctuations 
were  measured  on t r u e  rms voltmeters,  recorded  on a 1/10 decade  spectrum ana- 
l yze r  and level   recorder ,  and a l s o  recorded on a dual-channel  tape  recorder. In 
t h e  case of the  hot-wire  probes,  the d-c  conponent  of bridge  voltage and t h e  
mount  of  bridge  unbalance were a l so  noted. 

The spectrum  analyzer  and level  recorder  automatically  scanned a s e t  of 
filters centered on frequencies  of 1 6  t o  32,000 cps. Each f i l t e r   s e t  gave a 
one-tenth-decade  band  pass. The spectrum  analyzer was used  not  only t o  measure 
the  spectrum of the   f l uc tua t ing   ve loc i t i e s  and w a l l  pressures f o r  the  pwpose  of 
present ing  thewherein  but  a l so  t o  monitor  the  functioning of a l l  the   t rans-  
ducers  during  the  tape  recording of t he   f l uc tua t ing   s igna l s  t o  be  used f o r  cor- 
re la t ions.  

Appendix E descr ibes   the  instrumentat ion and  procedure f o r  obtaining  the 
cor re la t ions  of the  wal l -pressure  f luctuat ions and those of the  wall-pressure 
f luctuat ions  with  the  veloci ty   f luctuat ions.  

€!XXJLTl3 AND DISCUSSION 

The  mean free-stream Mach number i n   t h e  wind tunne l   fo r   t he   en t i r e   s e t  
of exgeriments was 0.6. The s ta t ic   p ressure   exhib i ted   s l igh t   var ia t ions   s ince  
f o r  a given Mach  number i t s  value  natural ly  depended on t h e   t o t a l  or atmospheric 
pressure. A t yp ica l   va r i a t ion  of M, and s ta t ic   p ressure   wi th   longi tudina l  
d i s t a n c e   i n   t h e   t e s t   s e c t i o n  i s  presented   in   f igure  6. It should  be  noted  that, 
al though  the  static-pressure  gradient i s  s l ight ly   favorable   throughout   the  tes t  
section,  there i s  a small decrease of t o t a l   p r e s s u r e  a t  l a rge  downstream posi-  
t ions,  The  Mach number does  not  continue to   increase   s l igh t ly   wi th  x but 
leve ls   ou t  and then  s l ight ly   decreases   with x. The  mean Reynolds number per  
foot  was 3.45>(106 r e fe r r ed  t o  the  free-stream  velocity.  

The d e c i s i o n   t o  conduct t h e   e x g e r h e n t s  a t  a nominal, = 0.6 was a com- 
promise, The low s e n s i t i v i t i e s  of the  pressure  t ransducers   suggested  that   the  
experiments  be  performed a t  as high  an M, as poss ib l e   t o   ob ta in   l a rge  magni- 
tudes of pressure  f luctuat ions.  On the   o ther  hand, t h e  problems  associated  with 
using  hot  wires  and  taking  measurements i n  a wind tunnel   increase  s ignif icant ly  
as approaches 1. The resul ts   obtained  indicate   the  choice of 0.6 f o r   t h e  
nominal M, t o  be a reasonable one. 

Since no s ignif icant   dif ferences were not iced   in   the   p ressure   f luc tua t ions  
for   the  s ta t ic-pressure  gradient   being  zero or sl ight ly   favorable ,  a l l  the   re -  
po r t ed   r e su l t s   a r e  only f o r   t h e   l a t t e r  case. 

Veloci ty   Character is t ics  of  Measured  Boundary Layer 

Ty-pical velocity  profiles  throughout  the  boundary  layer  obtained  with a 
p i to t   t ube  are g iven   in   f igure  7. Figure 7(a) shows p r o f i l e s   f o r  z p lo t t ed  
against  M f o r  two s t a t i o n s   a t  which  measurements  were l a t e r  made of t he  
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magnitude and spectra of the  wall-pressure  fluctuations,  but  which were  upstream 
of the   s t a t ion  used fo r   co r re l a t ion  measurements. In f igure   7 (b)   these  two 
v e l a c i t y   p r o f i l e s  along with two other   veloci ty   profues   f 'ur ther  downstream a re  
glven i n  terms of the  dimensionless  quantities z/6 against  U/U,. The dimen- 
s ion less   p rof i les   a re   p lo t ted  i n  f igure  7 ( b )  t o  compare roughly  the  state of 
development a t  the  var ious  s ta t ions,  and it i s  seen  that  no appreciable change 
in   the  dimensionless   prof i le   occurs  downstream of the second s ta t ion,  x = 9.75 
feet .  

"he var ia t ion  of €i* as a function of the   s ta t ion  x i s  given i n  f igure  
8. Since  the  data  exhibit  some s c a t t e r ,   i n  subsequent c a l c u l a t i o n s   t o  nondimen- 
s ional ize   the magnitudes and frequencies of the  pressure-fluctuation measure- 
ments, the  values  from  the  faired  curve were uged. Local  skin-friction  coef- 
f ic ien ts   ca lcu la ted  from  m2asured values of 6 , 8, H, and Ree by means of the 
Ludwig-TilLman equation  (ref. 23) are   given  in   f igure 9 as  a function of Rex- 
Also shown i n   t h e   f i g u r e  i s  the  curve of the  Prandtl-Schlichting  equation  (foot- 
note on p. 438 of ref. 27 ) -  

Figures 10 t o  1 2  present measurements of the  longi tuainal   turbulent   inten-  
s i ty .  A single  typical  boundary-layer  profile of the   longi tudinal   turbulent   in-  
t e n s i t y  i s  presented i n  f igure  10 to   ind ica te   tha t  it was poss ib le   to   ob ta in  a 
wel l -def ined  prof i le   i f  a suf f ic ien t  number  of points  were taken  with  reasonable 
care  near  the  point of maximum intensity.  A comparison of t h e   p r o f i l e s   a t  sev- 
e ra l   x - s t a t ions  i s  presented i n   f i g u r e  ll. Figure 1 2  shows the  mimum turbu- 
l e n t   i n t e n s i t y  of t he   p ro f i l e s  i n  f igure  IJ.. along  with s ix  others  given as a 
function of the Reynolds number based on the  distance  along  the wall or  Re,. 
It i s  interest ing  to   note   that ,   a l though small i n  magnitude, there  i s  an  in- 
c rease   in   the  maximum turbulent  intensity  with Re,. Also shown i n   f i g u r e  1 2  i s  
the  value of tu rbulen t   in tens i ty   for   the   l a rges t   va lues  of z possible  with  the 
avai lable  probe actuator  (asprox. 3.8 in. from the   so l id  w a l l ,  thus  close t o  the 
center l ine of the  tunnel).   This  centerline  value  exhibits a very  sl ight  in- 
c rease   s imi la r   to   the  maximum turbulent   intensi ty   data  and a second increase in 
the  downstream port ion of the   t es t   sec t ion .  

The measurements of the  mean-flow prof i les   ( f ig ,  7 )  and u-fluctuation  pro- 
f i l e s   ( f i g s .  ll and 1 2 )  ind ica te   tha t  a typical   turbulent  boundary l a y e r   i s  ob- 
tained. Although f igure  7 shows t h a t  i t s  development i s  not   ent i re ly  complete 
f o r   t h e   s t a t i o n  x = 2.75 f e e t  and i s  complete by x = 9.75 feet ,   f igure 1 2  in- 
d ica tes  a h igh   leve l  of maximum turbulent   intensi ty  even at these u  stream  sta- 

t ions-  A t  x = 2.75 f e e t  (Rex = 10KL.06) the  turbulent   intensi ty  &/% i s  
0.069 as compared with 0.080 fo r   t he  downstream stations.  Tae value of 0.08 f o r  
the maximum turbulen t   in tens i ty   i s   l ess   than   tha t   repor ted   by  Klebanoff ( re f .  
28) ,  who gives 0.ll. Klebanoffrs measurements  were made with a U, of 50 f e e t  
per second in   t he   p re sen t  experiments. It i s  poss ib le   tha t   in   the   p resent  ex- 
periments  the m a x i m u m  turbulent  intensity  obtainable  near  the w a l l  i s  smaller 
because of the  increased  Reynolds numbers. This could  not  be  verified,   as no re- 
ported  results  could  be found on measurements  of tu rbulen t   in tens i t ies   for   the  
high  subsonic Mach nunher  range. 
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A s  i s  seen in f igure  13, the   spec t ra l   dens i ty  of the  u-fluctuations ex- 
h i b i t s  good agreement  with  the  measurements  of  nebanoff.  Figures  13(a)  and  (b) 
compare spectra   for   the  inner  and outer  regions,  respectively* In both  cases 
the  values of z/6* fo r  the  pair of nebanoff  curves  bracket  the z/6* value 
for   the  present   data ,  None of the  u-fluctuation  spectral-density  curves  pre- 
sented i n   f i g u r e  13 possesses a well-defined pea& for   the  reported wave numbers. 

In f igure  12 ,  the  upstream  level of f ree-s t ream  turhlence,  0.012, while 
high (compared wtth  low-turbulence  wind  tunnels), i s  not of  concern to   the   p res -  
ent   eqer iments ,  The increase  in  the  stream  turbulence  to  about 0,02 at  the 
downstream s t a t ions  i s  considered t o  be a r e s u l t  of the  merging of the boundary 
layers  on opposite w a l l s  of the wind tunnel. Thus, no corre la t ion  measurements 
and only a l imi ted  number of  measurements of turbulent   intensi ty  and wan- 
pressure  f luctuat ions were made i n   t h i s  downstream region  since measurements 
were t o  be  representative of a turbulent  boundary  layer  developing  along a plane 
wall. 

Magnitude  and Spectra of WaU-Pressure  Fluctuations 

The wall-pressure  f luctuations were  measured with  the  aid of t h ree   d i f f e r -  
ent  transducers. The value of 6* varied  from 0.047 t o  0.321 inch  for   the 

measurements. Figure 1 4  gives   the &$ divided  by 8, plot ted  against  d/S* 
for transducers ZR (d = OB 0625 in. ) and CA (d  = 0.43 in. ). Table I l i s t s  all 
the  pressure  transducers  used  along  with  their   alphabetic  designations.  The e were obtained  from  integrating  the  spectral   values  that  had  been  corrected 
for  amplitude  response of the  transducer. Both s e t s  of data  show increases i n  
a/qm with  decreasing d/S*s however, tha t   for   the   t ransducer  ZR ( d  = 0.0625 
in. ) i s  within  the  scat ter  of the  data, Although resu l t s   a re   des i rab le   for   very  
s m a l l  values of d/S*, the   da ta  ta-ken with  the  larger  transducer  serve many use- 
fu l  funct ions  as  will be  presently seen. Two d i f f e r e n t   t n e s  of pressure trans- 
ducers were  used t o  determine i f  any  of t h e   r e s u l t s  were  a function of the  t rans-  
ducer  type. 

If the  magnitudes of the  waU-pressure  fluctuations  expressed  as a/% 
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presented   in   f igure  14  are   p lo t ted   wi th  WiJ&arth's data   ( ref .  19), t he   r e su l t  
i s  f igure  15. In th i s   f igure   the   absc issa  d/S* i s  p lo t ted  on a l o g  s c a l e   t o  
allow the  data  taken  with  the  smaller  transducer ZR t o  be compared properly  not 
only with  Willmarth's  data,  but a l s o  with  those of the  larger   t ransducer  CA. 
Through Willmarth's  data i s  the   l ine   wi th  which he  extrapolated t o  d/S* = 0 (on 

a l i n e a r  d/S* sca l e )   t o   ob ta in   h i s   r e su l t  of fi/t = 0.006. Two signif icant  
points  can  be  readily made from the  f igure:  (1) The present  data do not  agree 
with  the WiUlnarth d a t a   i n  magnitude. ( 2 )  The resul ts   wi th  the two d i f fe ren t  
types of transducers behave with  regard  to  their   variation  with d/8* almost a s  
i f   t h e y  had  been  taken  with one t ransducer .   I f   the   data   for  downstream s ta t ions  
x where 6* > 0.251 inch   ( ta i led  symbols) are  disregarded  for  reasons  pre- 
viously  discussed  in  the  section on ve loc i ty   charac te r i s t ics  of the  boundary 
layer ,   then  the  scat ter  of the  data  i s  considerably reduced. The remaining 
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value  of 0.0075. It i s  of i n t e r e s t   t o   n o t e   t h a t   f o r  a turbulent  pipe  f low ref- 
erence 22 obtained a vaLue  of 0,008 corrected  to   zero  t ransducer  size by a 
method described in reference 29, L i l l e y  and Hodgson (ref.   16)  quote in t h e i r  
t e x t  a value  of .Os 008 f o r  d/S* = 0-59  from t h e i r  measurement  of t h e  boundary 
l aye r  on the  w a U  of a wind tunnel. 

In f igu res  1 6  and 1 7  the   spec t ra  of the  wall-pressure  f luctuations  over  the 
range of t5* from 0.047 t o  0.251 i n c h   a r e   p l o t t e d   i n  terms of the  dimensionless 
parmeters  used  by  WiUmarth  (and i n  ref.  18). Tie  dimensionless  mean-square 
spectra  are  plotted  against   the  dimensionless  frequency, a parameter of t h e  
character  of a Strouhal number i f  a d i sc re t e  eddy  of a ce r t a in   s i ze  i s  asso- 
c ia ted  with a given  frequency.  In  figure 16(a) the  data  taken  with  transducer 
!ZE almost  completely  coincide  for  different 6*, I n   f i g u r e  16(b) for   t ransducer  
CA a similar degree of coincidence  exists a t  the  lowest and  middle frequencies 
as i n   f i g u r e  16(a);  but, i n  addition, a t  the  high-frequency  end an e f f e c t  of t he  
parameter d/G* exis t s   tha t   spreads   ou t   the   da ta ,   F igure  1 7  i s  a case where 
the   r e su l t s   a r e   g iven   fo r  a par t icu lar   va lue  of 6* = 0.127 inch  for   t ransducers  
ZR, ZS, and ZT. The r e s u l t s   f o r   t h e  0.25-inch t ransducer   a re   l imi ted   to   f re -  
quencies  below 10,000 cps. 

I n   f i g u r e s  1 6  and 1 7  each  spectrum  exhibits a maximum (designated as the  
r e l a t i v e  peak  of the  spectrum)  fog  values of (&*)/Urn between 0.1 and LO. 
However, as smaller  values of (cu6 )/Urn are  approached,  the  spectrum  again  in- 
creases  t o  t he  limit of the   ava i l ab le   da t a   ( t h i s  maximum i s  designated  as   the 
absolu te   peak) .   In i t ia l ly  it was assumed tha t ,   desp i te   the   care   wi th  which t h e  
measurements were made, the  exis tence of the  absolute  peak w a s  due t o  some 
sources of error  possibly  being  overlooked. 

Tkte f i rs t  poss ib i l i ty   tha t   qu ick ly   sugges ts   i t se l f  i s  t h a t   t h e   c o n t r o l  
block  did  not  successfully  perform i t s  funct ion t o  prevent  extraneous  noises 
from  propagating  upstream  into  the  test   section. The r e s u l t s  of f i gu re  18 
c l ea r ly   i nd ica t e   t ha t   t h i s   d id  not  occm.  Figure 18 g ives   t he   r e su l t s  of wall- 
pressure-f luctuat ion measurements, a t  one station,  used  for  determining  the  ef-  
f e c t  of varying  the  longi tudinal   s ta t ic-pressure  gradient  and also  the  f low con- 
d i t i o n s  a t  the  control  block. There i s  evidence of ra ther   large  ampli tudes a t  
the  low frequencies  only when the  f l o w  across   the  control   b lock w a s  allowed t o  
become d e f i n i t e l y  unchoked. In   t h i s   ca se ,   t he re  i s  a r a the r   l a rge   i nc rease   i n  
the  spectral   value,   the  maximum increase  occurring a t  a frequency of 40 cps  and 
being  from 0.013 t o  about 0.52 (a f ac to r  of 4). 

The possibil i ty  that   fairly  large  amplitude  low-frequency  noises were  prop- 
aga t ing   in to   the   t es t - sec t ion   f rom  the   f low  en ter ing   the   in le t   can   be   ascer -  
tained  by  looking a t  t h e   r e s u l t s  of f i gu re  19,  i n  which the  spectra  of t he  wall- 
pressure  f luctuat ions  ( taken  with  t ransducer  CA) a r e  compared with  the  external-  
noise-level  spectra  just   upstream of the  wind-tunnel   inlet .   In   the  f igure  the 
pressure  f luctuat ions are given i n  terms  of  decibels of SPL (sound  pressure 

level ,   def ined as equa l   t o  20 log lo  where po i s  a reference  pressure, 
u sua l ly   2a0 -4  dyne/sq em), 
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There i s  no ev idence   here   a l so   tha t   the   in le t   no ise  i s  a problem. I n   f a c t ,  
at any  given  f requency  the  inlet   noise   levels   are  15 dec ibe ls   o r  more below t h e  
spec t ra   l eve ls  of the wall-pressure  f luctuations,  

In   looking a t  t h e  measured s p e c t r a   i n   f i g u r e   1 6 ( a )  some t rend  as a funct ion 
of 6* (or s t a t i o n  x) i s  observed  for  the  magnitude of t h e   r e l a t i v e  peak  (occur- 
r i ng  a t  the   l a rger   va lue  of f requency) .   In   f igure 20, the   spec t ra l   va lue   tha t  
occurs a t  the  midfrequency of t h e   r e l a t i v e  peak i s  given  against  x, and the  
t r e n d   i n  terms of F ( f )  i s  seen t o  be a ve ry   s l i gh t   i nc rease   i n   t he  magnitude of 
t h e   r e l a t i v e  peak as t h e  boundary layer  thickens.  Thus, as 6" increases ,   the  

increase   in   the   va lue  of d G  a t  t h e   r e l a t i v e  peak i s  grea te r   than   the   in -  

crease of G, the  root-mean-square  magnitude  of the  pressure  f luctuat ions  over  

the  ent i re   f requency  range  s ince  F(f)  i s  e q u a l   t o  d z ,  t h e  root-mean-square 

pressure  f luctuations  per  unit   bandwidth  divided  by a, t he  root-mean-square 
magnitude. P lo t t ing   the   f requency   a t  which t h e   r e l a t i v e  peak  spectra  value  (of 
f ig .  20) on a log   sca le  and x on a l i nea r   s ca l e   g ives   t he   r e su l t s  of f i gu re  21. 
The decrease of th i s  frequency  with x (or w i t h  'a thickening  boundary  layer)  can 
be a t t r i bu ted   t o   t he   i nc rease   i n   s ca l e   a s soc ia t ed   w i th   i nc reas ing  S*. The ab- 
rupt   level ing-off   for   the downstream por t ion  was not   ant ic ipated and is, perhaps, 
due t o   e i t h e r  (1) a l ack  of s imi l a r i t y  of t he  boundary l aye r  for t h e  downstream 
s t a t ions  (x > 20 ft) o r  ( 2 )  a lack  of precision  needea  to  determine this f r e -  
quency properly. 

I n   f i g u r e  1 7  t h e   r e s u l t s  of the  dimensionless   spectra   plot  f o r  th ree  
d i f fe ren t -s ize   p iezoe lec t r ic   t ransducers   def in i te ly  show the  t ransducer-s ize  
e f f e c t  on the   spec t r a   fo r   t he  same value of 6* a t  constant Rex. This i s  not 
t h e   c a s e   i n   t h e   r e s t  of the  present   data  and in   Wi l lmar th ' s   da ta   ( re f .  1 9 ) .  

In f igure  22 the  dimensionless  mean-square  spectra of the   p resent  measure- 
ments  with  transducer ZR are  compared with  the  data of  Willmarth ( r e f .  19) .  The 
da ta  of  WiUlnarth show t h e   e f f e c t  of t ransducer   s ize  on the  measured  spectra, 
This behavior i s  similar to   t ha t   s een   i n   f i gu re   16 (b )   fo r   t he   l a rge r   d i ame te r  
transducer CA. However, f o r   t h e  WiUmarth  data  the  rate of decrease of t he  
spectra  with  increasing &*/Urn at  the  higher  frequency  end i s  grea te r   than  
that  obtained  in  the  present  experiments.   This may be  seen  by  noting  that   the 
Willmarth  curve  for d/S* = 1.1 i n  f igu re  22 agrees  with  the  present  data  curve 
f o r  d/S* = 1.7  i n   f i g u r e   1 6 ( b ) .  

A t  the  lower  frequency  end  of  the  spectrum,  Willmarth  does  not  present  any 
da ta  below &*/Urn = 0.1. Figure 23, which i s  a r ep lo t  of h i s   d a t a  as SPL 
against   f requency  in   cycles   per  second, shows that   in   his   only  dimensionless  
spectra  plot  Willmarth  included no points   for   f requencies   lower  than 1000 cps. 
The reason   for  th is  l imi t a t ion  i s  not  understood s k c e  he repor ted   tha t   h i s  
pressure  transducer had a f la t  response  from 5 t o  50,000 cps.  Furthermore, no 
mention was made of  any  problems with  extraneous  noises  that  might  have i n t e r -  
ferred  with  the measurements  of the  wal l -pressure  f luctuat ions.  
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Theory  and  Experiment Compared 

A statement  of  the  pertinent  equations  of  the  theory i s  now p resen ted   t o   a id  
i n   t h e  comparison  between the  experimental   data  and  theoretical   results.  If the  
divergence i s  taken of the  cowlete  equations  of  motion  for  an  incompressible 
f l u i d  and the  equation of cont inui ty  i s  inser ted   ( re f .  30) ,  t he   r e su l t i ng  equa- 
t i o n   f o r   t h e  pressure f i e l d  i s  

where g =  P(x) + p ( x , t ) ,   t h e  sum of the  t ime mean pressure  and  the  f luctuat ing 
pressure.   (C&tesian  tensor  notation i s  used  here  with  subscripts i and j 
having  values 1, 2, and 3. ) 

'The   de ta i l s  of t h e   d i f f e r e n t  methods  of solution  used  by  Kraichnan  (ref. 
15), L i l l e y  and Hodgson (ref .  16), and L i l l ey   ( r e f .  1 7 )  are  not  needed  here.  For 
the  present  purposes it i s  su f f i c i en t   t o   wr i t e   t he   so lu t ion  as 

where 5' = x - - x' with x being  the  separation-vector of t h e   f i e l d   p o i n t  and 
the   o r ig in  axd x' being The separat ion  vector  of the  source  point and the  
origin.  

- 

The covariance of the  pressure i s  defined as the  t ime mean of the  product of 
the  pressure a t  two points   in   space,  x1 and f f 2  (= xl + L), and  time t and a t  
two times t + T, wri t t en  as 

(3)  
where here 

with zl and z2 being  the  separat ion  vectors  of  t h e   f i e l d   p o i n t s  and x' and 
x" being  the  respect ive  separat ion  vectors  of the  source  points. 

- 
- 

The mean-square pressure i s  obtained  by  le t t ing T = 0 and zl = x2 = 2 i n  
equation ( 3 ) ,  t h e   l e f t   s i d e  of  which expands t o  

- 

9 y x , t )  - = P q x )  - + p2(x , t )  - 
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The  second  term on the  right  side is the  mean-square  of  the  fluctuating 
pressure,  while  the  first  term is obtained  from  the only  term  that on the right 
side  contains  just  the Ui velocities  (Le.,  the  solution  for the pressure  due 
to  a  steady-state  velocity  field). The theoretical  treatments  have thus been 
concerned  with  describing the second term  p2(x,t)  and  mean-square  pressure co- 
variance  p(a,t)p(x2,t + T). Of  the  separate  terms  under  the  bar,  the  steady- 
.state  term  was  already  mentioned in connection  with  equation (4) and  the  remain- 
ing  terms  are  of  three  types: 

- 

aU! aU; aU; a$ 
ax; ax;  ax;:  ax; (1) Fourth-order  covariances, 2 - - - 

au; aU! aU; aU; 
ax; ax; ax;: ax; (2)  Third-order  covariances, - - - 

au; au; auj au; 
ax! ax:: ax:  ax:' (3) Second-order  covariances, - - - - 

The  theoretical  papers  (refs. 15, 16, 17) have a l l  assumed  the  terms  with 
the  third-  and  fourth-order  covariances  to  be  negligible  compared  with  the  terms 
involving  second-order  covariances. In addition,  for  turbulent-boundary-layer 
flows  the  realistic  assumption  is  made  that  aU1/ax3  is  much  greater  than the 
other  mean  flow  gradients.  Consequently,  the  most  significant terra under  the 
bar  in  equation (3) is 

au; au; auk au; 
ax3 ax3 ax,  axl 

2"" 
r n t n  

0- this  term  has  been  used  to  calculate  the  spectrum  and  magnitude  of  the 
mean-square  pressure  fluctuations  and  also  their  space-time  correlations. In 
particular,  Lilley in his  theoretical  treatment  (ref. 17) assumes  that only the 
portion  of  the  layer  nearest  the  wall  contributes  to  the  pressure  fluctuations. 

The  root-mean-square  wall-pressure  fluctuations  may  be  expressed, as in  ref- 
erence 16, as 

where  the  value  of p depends  upon  the  integration  indicated  in  equation (3) 
over  the  turbulent  field. 

Comparison  of  the  present eqerimental data  with  the  Lilley  theory  (ref. 17) 

is  given  in  figure  24  where p = e (%ef) is  plotted  as  a  function  of d/6* 
to  allow  comparison  with  the  two  transducers. The Lilley  theoretical  result 
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(ref:  1 7 )  for   the   va lue  of p i s  3.1 (the  revised  version  of ref. 1 6  gives 3.0 
for   the   va lue  of p )  and here  appears as a s t r a i g h t   l i n e  of zero  slope  since h i s  
theory  does  not  account  for  the  effect  of  nonzero  transducer  size. If t h e  ex- 
perimental  data  taken  with  the  transducer ZR can  be assumed t o  be  correct ,   there  
i s  a small area  of  disagreement  between  the  experimental and t h e o r e t i c a l   r e s u l t s  
i n   t ha t   t he   expe r imen ta l   r e su l t s   exh ib i t  nonzero  slopes,  approximately drawn i n  
the  f igure.   For  the  very s m a l l  values of  d/S* where no appreciable  transducer- 
size  effect   should  be  expected,  the  values of p a re   l a rge r   t han   t he   t heo re t i ca l  
value of 3.1. A rep lo t  of the   da ta   for   the  smaller transducer ZR on a l i n e a r  
s ca l e   fo r  d/S* ind ica t e s   t ha t ,  as d/S* -+ 0, p approaches  approximately 3.9. 
L i l l e y  and Hodgson (ref .  1 6 )  also  quote i n  t h e i r   t e x t  a value of p = 3.6 f o l -  
lowing  from t h e i r  own experiments. 

These considerations show t h a t  a complete  comparison  of the  experimental and 
t h e o r e t i c a l   r e s u l t s  would in   p r inc ip l e   r equ i r e  a more accurate  theory. Thus, 
while  the  agreement  between  experiment  and  theory for   the   va lue  of p i s  gen- 
e r a l l y  good, the  greater  value of 3.9 for  the  experimental  value as compared with 
the  theoret ical   value of 3.1 undoubtedly r e s u l t s  from some differences between 
the  present  experiments and the assumed  models for the  mean shear  and  the 
fluctuating-velocity  spectrum and  magnitude. A s  d i scussed   la te r ,   the  measured- 
pressure  spectrum and cor re la t ions  of ve loc i ty  and pressure  f luctuations  suggest 
differences from the models  assumed in   the   theore t ica l   t rea tments .  

In   ce r t a in   r eg ions  of the  turbulent  boundary layer  or under cer ta in   types  of 
external  conditions,   the  terms  neglected  in  equation (3)  may become of the  same 
order as the  term that i s  kept   in   equat ion (5) .  An example of t h i s   p o s s i b i l i t y  
i s  in   t he   ou te r  o r  intermittent  region where (aV,/ax,l i s  considerably  smaller 
than  in   the  inner   region of the  layer .  

A comparison  of the mean-square spectra for the  present data with  the 
Lilley-Hodgson theo re t i ca l   r e su l t   ( r e f .  1 6 )  i s  a l so   g iven   in   f igure  22. The 
theoret ical   curve i s  taken  from  figure 4 of reference 1 6  without  adjusting  the 
l e v e l  of the curve. The l e v e l  of the peak of the  theoret ical   curve i s  i n  good 
agreement  with  the  present  experimental  data. Very l i t t l e  agreement e x i s t s  be- 
tween the  present  experimental  data and th i s   t heo re t i ca l   cu rve  a t  both  ends  of 
the  spectrum. This  disagreement  between  the  theoretical  curve and the  experiment 
should  be  expected when the  veloci ty   spectra  upon which they  are   based  are  con- 
sidered. The isotropic  form  of the  veloci ty   correlat ion  funct ion was used i n  
eva lua t ing   the   theore t ica l  spectrum. Also, an  anisotropy  factor  w a s  used only i n  
evaluating  the magnitude of the  pressure  f luctuations (as previously done  by 
Kraichnan  (ref. 15) ). 

The spectra of wall-pressure  fluctuations measured i n  reference 22 f o r  a 
turbulent  pipe  f low also exhibi t  no fa l l -of f  a t  low  frequencies  for  dimensionless 
frequencies down t o  a value of 0.0175, based  on  the  radius of the  pipe. However, 
for   the  spectra   presented  there  i s  no indicat ion of the  double maximums. The 
turbulen t   p ipe   f low  d i f fe rs  from t h a t   i n   t h e   t u r b u l e n t  boundary l a y e r  in  a t  l e a s t  
one significant  aspect.  For  pipe  flow  the  absence of a free-s t ream  f low  for   the 
region away from the  w a l l  precludes  the  formation of a highly  intermittent  f low 
that  i s  brought  about  by  the  convection of an  i r regular  shprply defined  boundary 
between the  turbulent  and the  nonturbulent  flow  (see  Corrsin and Kistler, 
ref .  31). 
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Space-Time  Correlation  of  Wall-Pressure  Fluctuations 

The  first  bit  of  information  obtained  from  measurements  of  the  space-time 
correlations  of  wall-pressure  fluctuations  was a curve of the  correlation  coef- 
f icient 

against  the  time  delay T for  constant  values  of 5 and q. The separation 
distances  are 5 = x2 - xl and q = y2 - yl. In equation  (6)  any  point  on  the 
curve  of R ( ~ , V , T )  against T gives  the  time-mean  value  (in  coefficient  form) of 
two  fluctuating  pressures  where  during  the  time-averaging  the  one  fluctuating 
pressure  is  measured  at a constant  difference in time  equal  to T with  respect 
to  the  other  fluctuating  pressure.  The  results  of  this  section  are  all  obtained 
from  these  correlation  curves.  The  two-point  wall-pressure  correlation  curves 
as a function  of T are  presented  in  figures  25(a)  and  (b)  for q = 0. The  time 
delay T is  defined  to  be  positive  for a disturbance  propagating  downstream  from 
one  transducer  to  another  (farther  downstream).  These  curves  are  actual  tracings 
of  faired X-Y plotter  curves.  Figure  25(c)  is  for  the  case  where  the  transducer 
separation  is  given  by E = 11. The curves  in  figure  25(d)  are  for  the  correla- 
tions  with  the  transducer  separation  vector  normal  to  the  stream  direction. 

Figure  26  presents  autocorrelations  of  the  wall-pressure  fluctuations  as 
measured  by  several  typical  transducers.  Figure  26(a)  also  shows  the  good  re- 
peatability  of  the  correlation  if  extreme  care  is  taken  to  keep  all  the elec- 
tronics in specified  working  order.  It  should  be  noted  that  autocorrelation 
curves  in  figures  26(d)  and (e) have a halved  time-delay  scale  in  comparison  with 
the  previous  three  curves  (they  look  thinner,  but  actually  are not). In obtain- 
ing  autocorrelations  of  the  played-back  signal  from a pressure  transducer,  it  was 
noted  that  the  correlation  coefficient  at z = 0 did  not  quite  go  to 1.00 but 
varied  from 0.93 to 0.97. This  is  evident  in  the  typical  autocorrelation curves 
given  in  figure 26. This result  is  consistent  with  the  maximum  correlation  coef- 
ficients  obtained  for  the  autocorrelation of sine  waves  of  particular  frequencies 
(see  appendix E). In the  latter  case  the maximum measurable  correlation  coef- 
ficient  departed  from  the  value of 1.00 as  the  frequency  of  the  sine  wave was in- 
creased.  The  variation in the  measured R( O,O, T) for  large I T is  usually  within 
LO.  02,  which  can  be  attributed  to  instrumentation.  Consequent I y, nothing  will  be 
inferred  from  the  results of the R ( ~ , T , T )  at  large T for  any of the  space-time 
correlation  curves. 

Of  interest  is  the  agreement  between  the  spectra of the  two  transducer  sig- 
nals  that  were  actually  recorded  and  from  which  the  correlation  curves, R ( S , ~ , T )  
against T, were  later  obtained.  Figure  27  gives a comparison  for  pairs  of 
transducers  of  the  spectra  of  the  signals  taken  just  prior  to  recording  these 
signals  on  the  two-channel  tape  recorder.  They  are  not  corrected  for  amplitude 
response  or  altered in any way. The transducer  pair  spectra  shown  in  figures 
26(a)  to (a) are  typical  for  all  the  data on correlations  of  wall-pressure  fluc- 
tuation. The fluctuation  spectra  for  the  transducer  pairs  indicate  that  fairly 
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good repea tab i l i ty  was obtained. The spectra of the  wall-pressure  f luctuations 
are e s sen t i a l ly   t he  same (if measured  by  transducers  and  associated  instrumenta- 
t i on   t ha t   ope ra t e   i dea l ly ) .  

Each point  of t h e   r e s u l t s  shown i n   f i g u r e  28 i s  obtained  by first ge t t ing  
t h e  m a x i m u m  value of the  correlat ion  coeff ic ient  as a function of T f o r  f ixed 
separa t ion   d i s tance   in   f igure  25 and t h e n   p l o t t i n g   t h i s  maximum against   the  
appropriate  separation  distance. This value of H has  been  designated by t h e  
subscript   opt,   standing  for optimum in   re fe rence  32. The data  i n  f igure  28 in- 
clude a l l  th ree   inc l ina t ions  of the  transducer  separation  vectors  with  the  free- 
stream  direction (q = 0,  ( = q, and ( = 0 ) .  

In  looking a t  f igure  28 it i s  readi ly   apparent   tha t   the   longi tudina l   sca le  
of the  wall-pressure  f luctuations i s  much grea te r   than   the   l a te ra l   sca le .  For 
example, i f  scales  Lpx and L'p a re   a rb i t r a r i l y   de f ined  as the  value of the  

par t icular   separat ion  dis tance when R( ( , O ,  Topt)  = 0.1 and R(O,q ,TOpt )  = 0.1, 
respect ively,   the   resul t  i s  

Y 

b x  8.75  in. 
" 

h Y  in- 
- = 7.4 

I n   t h i s   r e s u l t   t h e   v a l u e s  of Top+, f o r  Lpx and Lpy are   not   the  same i n  mag- 

nitude. For Lpx, T o p t  = 1 . 3 3 ~ l . O ' ~  second  and, f o r  since no flow convec- 

t i o n  i s  involved, TOpt = 0. Scale Lp, indicates   the  scale  of the  turbulence 

measured i n  a reference  frame moving a t  the  average  convection  velocity (/-rapt. 
(If the two pressure  transducers a t  the  w a l l  were moving in   t he   d i r ec t ion  of 
flow a t  t h i s  convection  velocity,  the optimum time  delay would be  close t o  zero 
for   the  E-direct ion as wel l  as for   the  7-direct ion.)  

$YJ 

The v a l i d i t y  of the  empir ical   re la t ion 

where 

and 

i s  shown i n   f i g u r e  29 where it i s  checked for ( = q. This w a s  done by using 
the  curves  faired  through  the  data  in  f igures 28(a) and ( c )   t o   o b t a i n   t h e   c a l -  
culated  curve for t h e   l e f t   s i d e  of equation ( 7 )  and then comparing it with  the 
curve  faired  through  the  data of figure  28(b). The agreement  between the  two 
curves i n   f i g u r e  29 i s  qui te  good. The r e s u l t  should a l so  be  valid for ( # q. 
The result   expressed by equation ( 7 )  w a s  f irst  implied by the   cor re la t ion   da ta  
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on f l u c t u a t i n g   v e l o c i t i e s   i n  a turbulent  boundary  layer  in  reference 32. Equa- 
t i o n  ( 7 )  was la ter  assumed by  Corcos,  Cuthbert,  and Von Winkle ( ref .  29) i n   t h e i r  
ca lcu la t ion  on t h e   e f f e c t s  of f i n i t e   s i z e s  of pressure  transducers. 

I n   f i g u r e  30 the  optimum corre la t ion   coef f ic ien ts   in   the   E-d i rec t ion   a re  
comgared with  those measured  by  WiUmarth. The values of 5 are  divided by E* 
t o  account f o r   t h e   d i f f e r i n g   s c a l e s   i n   t h e  two s e t s  of data. The agreement  be- 
tween the  present   data  and t h a t  of  Willmarth i s  good, p a r t i c u l a r l y   f o r   h i s   d a t a  
f o r  M = 0.333  and 0.672. 

The value of T at  which R = Ropt i s  likewise  designated as 70pt. I n  
f igures  25(a) and ( b )  it i s  seen  that  Topt increases as 6 i s  increased. The 
convection  velocity of the  wall-pressure  f luctuations i s  defined as 

5 uc = - 
Topt 

and t h e   r a t i o  of the  convection  velocity  to  the  free-stream  velocity i s  simply 

These values of Uc/U, were plotted  against   the  appropriate  separation  distance 
i n   f i g u r e s  31(a) and ( b )   f o r  7 = 0 and 5 = v, respectively. For 5 < 1.0 inch 
i n   f i g u r e  31( a) Uc/Urn increases a t  smaller  rate  with  increasing E .  I n   f i g u r e  
31(b) a t  values of 6 > 1.0 inch  the  values of Uc/Urn start t o  f a l l  with  in- 
creasing 5. A check  of t h e  R against  T curves   for   these  points  shows very 
small values of Ropt and very f l a t  curves.  Consequently,  not  too much rel iance 
should  be  put on the   da ta  at la rge  5 .  

The convect ion  veloci ty   resul ts   g iven  in   f igure  31  are   qui te   interest ing i n  
t h a t  a t  large  values  of 5 they  essentially  agree  with  the  convection  velocity 
values  obtained  by  WiUmarth  (ref. 1 9 )  (except ing   h i s  M = 0.672 da ta)  and Von 
Winkle ( ref .  22) .  A t  the  smaller  values  of E the   convect ion  veloci ty   ra t io  
Uc/U, begins   to   decrease  s ignif icant ly  as E i s  decreased.  This  result  can 
reasonably  be  interpreted i f  one considers  the  decay  and  convection of t h e   d i f -  
fe ren t   s ize   eddies  that probably   ex is t   in   the  boundary layer.  The smaller  scale 
eddies  should  have a shor te r   l i fe t ime compared with  the  larger  scale  eddies.  
Consequently, as the  separation  distance  between  the two pressure  transducers i s  
increased ,   the   e f fec t  of the  smaller  scale  eddies on the  correlat ion  of   the  pres-  
sure   f luctuat ions measured  by these  transducers  should  decrease  with  the  corre- 
la t ion  being  affected  only by the  large-scale   eddies   in   the boundary layer.  
Finally,  the  small-scale  eddies  occur or are   concentrated  c loser   to   the w a l l  than 
are   the  large-scale   eddies .  Thus, the  small-scale  eddies  are  convected a t  slower 
veloci t ies   than  are   the  large-scale   eddies .   This   s implif ied  picture  i s  proposed 
t o  descr ibe  the  resul ts   of   f igure 31 f o r  small values of 5 .  
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This   interpretat ion of t h e   f i g u r e  31 data  implies that the  values of Uc/Um 
should  decrease with increasing  frequency.  Correlation of t h e   d a t a   i n  narrow 
frequency  bands was not done w i t h  the  present  data.  However, t h e   r e s u l t s  of re f -  
erence 22 for  turbulent  pipe  f low  indicate  such a trend.  Figure 36 of  reference 
22 shows t h a t ,  as the frequency  increases  by a f a c t o r  of 2.8, the   values  of 
Uc/Um decrease  from 0.83 t o  0.75. 

A comparison  of the Uc/U, data  with WLllmarth's r e s u l t s  i s  presented i n  
f igure  32. To take into  account  the  range i n   t h e   v a l u e s  of U, and 6*, t h e  
Uc/U, values  are  given as a function of Urn/( 6 / 8 * ) .  Ini t ia l ly ,   the   dimensional  
parameter U,/E was considered.  Dividing 6 by 6" does  account for t he   d i f -  
ferent   length  scales .  A sui table   veloci ty  i s  not  available  ( the  acoustic  veloc- 
i t y  i s  not  appropriate  here)  with which t o  make the  ent i re   parameter  dimen- 
sionless. However, t h i s  choice of parameters  should  account  for  the  different 
veloci ty  and length  scales. The comparison of the Uc/Urn data  does show t h a t  
t he   s ca t t e r   i n   t he   da t a  i s  nearly  the same and the agreement i s  good. The l i m -  
i t e d  range of the  U,/(5/6*) parameter fo r   t he  WiUlnarth data as compared with 
the  present  data  simply  results from the  smaller  range of 6 f o r  which  measure- 
ments were made by  Willmarth. The abscissa   posi t ions of the  Willmarth  data  rela- 
t i ve   t o   t he   p re sen t   da t a  show  why smaller  values of Uc/Urn could  not  be  obtained 
i n   h i s  experiment. The r e s u l t s   i n   f i g u r e  32 indicate  that i n   a d d i t i o n   t o  con- 
s ider ing  the  s ize  of the   t ransducers   re la t ive   to  a boundary-layer  scale as noted 
by Willmarth (ref .  19 )  it i s  necessary t o  consider  very small separation  dis-  
tances 5 ( r e l a t i v e   t o  some boundary-layer  scale  such as 6*) when convection 
v e l o c i t i e s  of pressure  fluctuations  are  to  be  determined. 

Measurements f o r  M, f rom 2.0 t o  5.0 by Laufer and Ki s t l e r   ( r epor t ed   i n  
ref.  33) indicate  a t  l e a s t  a qua l i ta t ive  agreement  with  the data i n   f i g u r e  31. 
Measurements a re   repor ted  f o r  only two values of 5 (0.25 and 0.50 in.)   with  the 
values of Uc/Urn varying  between  0.65 and 0.77. A t  each I& the  value of 
Uc/U, f o r   t h e   l a r g e r  6 i s  greater   than  that   for   the  smaller  5 w i t h  the  aver- 
age  increase  being  about 7 percent. 

The preceding  discussion  indicates   that ,  as expected,  the  value of the ap- 
parent  convection  velocity  depends on t h e   r e l a t i v e  magnitudes of (1) transducer 
s ize  and separation  distance and ( 2 )  the   s izes  of the  eddies and t h e i r   v e l o c i t i e s  
of convection in   the  layer .   Therefore ,   these  resul ts   apply  only  to   convect ion 
v e l o c i t i e s  of the  wall-pressure  f luctuations of turbulent boundary layers  along a 
plane w a l l  under the  aforementioned  conditions of measurement. They may not 
apply  in   general  where larger   s ize   t ransducers ,   larger   separat ion  dis tances ,  o r  a 
d i f fe ren t   type  of turbulent  flow i s  involved. 

The cor re la t ion   resu l t s   for   the   l imi ted   f requency  bandwidth data are   pre-  
sen ted   in   f igures  33 t o  35.  The e f f e c t  of high-pass   f i l t e r ing  (which  equals  re- 
j e c t i o n  of a Low-frequency  band of  the  signals) on typ ica l   cor re la t ions  i s  given 
i n   f i g u r e  33 f o r  (1) an  autocorrelation ( E  = q = 0), ( 2 )  E = 0.88 inch and 
q = 0,  and (3) = 0 and q = 0.325 inch. 
presented   in   f igure  34 in a fashion similar 
the  high-pass and  low-pass f i l t e r i n g  on t h e  
obtained  from  figures 33 and 34 i s  given i n  

&e ef fkc t  bf-law-pass f i l t e r i n g  i s  
t o   t h a t  of f igure 33. The e f f e c t  of 
optimum corre la t ion   coef f ic ien ts  as 
f igure  35. 
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With regard  to  the  present  experiments,  some concern  has   been  earessed  that  
t he   l a rge  magnitudes of the  spectrum of the  wall-pressure  f luctuations a t  the  
lower  frequencies may have resulted  from some as yet  undetermined  wind-tunnel  ef- 
fect.  Since this inc rease   i n   t he  magnitudes  occurs  approximately a t  frequencies 
below 400 cps, a comparison of t he   co r re l a t ion   da t a   fo r   t he  f u l l  bandwidth  spec- 
trum with  those  for which the  port ion of t h e  spectrum  below 400 cps i s  re jec ted  
would indicate  how s igni f icant  i s  t h i s  lower  frequency  range on the  space-time 
correlations.  It i s  seen in   f igures   33(b) ,   33(c) ,  and 35 tha t   r e j ec t ing   t he  
port ion of the  spectrum below 400 c p s   r e s u l t s   i n  optinrum corre la t ion   coef f ic ien ts  
t h a t  do not change appreciably  from  those  for  the  entire spectrum. I n   p a r t i c u l a r  
f o r   t h e  400-cps high-pass  condition,  the Ropt are  approximately  only 10 percent 
l e s s   t han   t hose   fo r  the full-band-pass  results.  This change i n  Rapt i s  con- 
s i s t e n t  w i t h  t h e   r e j e c t i n g  of  even la rger   por t ions  of t h e  lower  frequency  end of 
the  spectrum, t h a t  is, 800 cps, 1600 cps  high-pass,  and so  for th ,   wi th   the   resu l t  
that the  value of Rapt continues t o  decrease  (monotonically). 

Except fo r   t he   au tocor re l a t ions   i n   f i gu re  33(a), r e s t r i c t ing   t he   po r t ion  of 
the  spectrum  progressive@  toward  the  higher  frequency end gives  successively 
smaller  values of T f o r   t h e  f i r s t  zero-crossing of the  correlat ion  curves  and 
reduces  the  value of Rapt. Conversely, res t r ic t ing   p rogress ive ly   the   por t ion  
toward  the  lower  frequency end gives  successively  larger  values of T f o r   t h e  
f i r s t  zero-crossing of the  correlat ion  curves  and increases  the  value of Rapt. 
In   addi t ion ,  damped o s c i l l a t i o n s  of the  curves  about  the  horizontal  occur as t h e  
re jec ted  band i s  increased  for   e i ther   the  high-pass  or  low-pass  analysis. These 
damped o s c i l l a t i o n s   a r e   c h a r a c t e r i s t i c  of cor re la t ions  of two f luc tua t ing  quan- 
t i t i e s  l i m i t e d   t o  a narrow  band of frequencies.   Similar  results were obtained 
by  Dryden, e t  al. ( re f .   34)   in  one of t h e   e a r l i e s t  examples of t he   e f f ec t  of 
f i l t e r ing   in   f requency   bands  on the   au tocorre la t ion   coef f ic ien ts  of veloci ty  
f luc tua t ions  as a function of separation  distances. A f i n a l  remark on the   r e -  
sults of f igures  33 t o  35 i s  that   they  give a good indicat ion of t he   d i s to r t ion  
possible   in   correlat ion  resul ts   obtained  with  instrumentat ion  possessing  insuf-  
f icient  extent of usable  frequency  bandwidth,  particularly a t  lower  frequencies. 

Correlations of Velocity  and  Wall-Pressure  Fluctuations 

Invest igat ions on the   cor re la t ions  of pressure   wi th   ve loc i ty   in   tu rbulen t  
flow f i e l d s  have generally  not  been  attempted  either on an  experimental o r  theo- 
re t ical   basis .   Reference 35 does  give some numerical   results  for  the  covariances 
p$ for isotropic  turbulence. The r o l e  of the  pressure-velocity-gradient  covar- 

ianc e p a ~ ,  i s  discussed in   re fe rence  36.  The p a r t i c u l a r  form  of the  pressure- 

velocity  covariance of i n t e re s t   he re in  i s  puk.  The defining  equation  for puk 
i s  given by Batchelor  (ref.  37) as ( i n  the  present   notat ion)  

- 

auk 

- - 
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if  an  incompressible  fluid in an  infinite  region  is  assumed.  The  corresponding 
correlation  coefficient  is  given  by pu; divided  by  the  product  of  the root- 
mean-square  wall-pressure  and  velocity  fluctuations. 

- 

The  purpose  behind  measuring  these  correlations  is  to  determine  what  regions 
within  the  boundary  layer  contribute  to  the  pressure  fluctuations  at  the wall. 
Measurements  of  the  pressure  fluctuations  at  one  point  at  the  wall or their 
space-time  correlations  do  not  yield  any  detailed  information  on  what  regions  do 
contribute.  Actually,  a  study of the  correlations  with  each  of  the  components 
of  the  fluctuating  velocity  would  be  desirable.  In  particular,  the  theoretical 
considerations  of  reference 16 indicate  the  w-component  to  be  the  most  signifi- 
cant  one.  However,  the  measurements  of  v or w, the  fluctuating-velocity  com- 
ponents  normal  to  the  free-stream  direction,  would  require  two  hot  wires  in  the 
available  experimental  setup.  (The  method  requiring  the  rotation of only  one 
wire  could  not  be  used  because  of  the  necessity  of  keeping  the  hot-wire  position 
fixed  relative  to  the  pressure-transducer  position  for  a  given  measurement,i.e., 
a  single  recording  on  magnetic  tape.) ~hus, getting  a  measure  of pW or  pv 
would  ordinarily  require  at  least  three  channels  on  the  tape  recorder. As noted 
previously,  the  tape  recorder  and  playback  units  available for use  had  only  two 
channels. 

Typical  space-time  correlation  curves  obtained  for  the  correlation  of  the 
velocity  fluctuations  with  wail-pressure  fluctuations  are  presented  in  figures 
36  and  37.  The  correlation  coefficient  used  in  this  section  is  defined  by  equa- 
tion (9) and  is  obtained  as  discussed  in  appendix E. The  script R for the 
velocity-pressure  correlation is used  here  to  distinguish  it  from  the  space-time 
correlations  of  the  wall-pressure  fluctuations.  The  definition of positive 
values of T for the  pressure-velocity  correlations is that  a  disturbance  prop- 
agating  downstream  is  first  sensed  by  the  wall-pressure  transducer  and  at  a  later 
time T is  sensed  by  the  hot  wire. As for  the  previous  type  of  correlation 
measurements,  each  curve  presented  in  figures  36  and  37  is  a  direct  tracing of a 
faired  curve  of  the X-Y plotter  curve.  In  some  cases  the X-Y plotter  curve  was 
retraced  several  times  over  the  original  one  to  allow  a  better  fairing. 

The  results  given in figures  36(a)  to  (d)  are  for  the  correlations  measured 
with  transducer ZS and for a  separation  distance 7 of  approximately  zero  and 
for  various  values  of E. Similar  characteristics  are  obtained  for  the  correla- 
tion  curves  in  each  of  figures  36(a)  to  (d).  Peaks  in  the  correlation  coeffi- 
cient  generally  occur  at  two  values  of  time  delay T.  The major  peak  generally 
occurs  at small positive  values  of T ranging  to +0.3 millisecond;  the  secondary 
peak  occurs  at  values of T ranging  between -0.7 and -0.8 millisecond. For pur- 
poses  of  identification,  values  of T and 63 for  the major peaks  are  labeled 
with  the  subscript  opt  and  for  the  secondary  peaks (T < 0) with  the  subscript 
S. 

Atypical correlation  curve  for z less  than 0.3 inch  does  not  have  a 
secondary  peak  but,  for T < Topt, generally  increases  monotonically  with  in- 
creasing T and  then  decreases  monotonically  for T > T ~ ~ ~ .  For values  of z 

greater  than 0.3 inch,  the  emergence  of 63, caused  most  of  the 63 against T 
curves  to  have  two  rounded  peaks  of  about  the  same  magnitude  at  the  smaller 
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values of z and, f o r  z between 0.72 t o  1.52 inches,   resulted in 63, being 
g r e a t e r   i n  magnitude than Gpt- In   o the r  words, regardless  of the value of the  
separation  distance 5 ,  fo r   pos i t i ons  of the   ho t   wi re   c lose   to   the  wall t h e  Rapt 
i s  the   g rea t e r  one, b u t   f o r   p o s i t i o n s  away from  the w a l l  RS i s  of t h e  same 
order o r  even s l igh t ly   g rea t e r   t han  &opt. 

The cor re la t ions  shown in f i g u r e s   3 6 ( e )   t o  (i) were  measured  with  transducer 
ZS f o r  a separation  distance E of  approximately  zero and f o r   v a r i o u s   l a t e r a l  
separation  distances q. The r e s u l t s   i n  figures 36(a) and (e)  are  taken  from 
different  experimental  surveys,  although  both  are  for 6 = q = 0. The correla- 
t ion  curves   for   the  smaller   values  of 7 ( f igs -   36(e)  t o  (i)) have the  same gen- 
e ra l   contours  as those of f igures  36(a) t o  (a) for   var ious  values  of 5. Values 
of Rs i n   f i g u r e s   3 6 ( e )   t o  (i) a r e  o f  a magnitude similar to   t hose  of f igures  
36(a) t o  (a). 

.Only one s e t  of correlat ion  curves  i s  presented  for   the  case where the  
transducer CB i s  used t o  measure the  wall-pressure  f luctuations.   In  f igure 37 
the  correlat ion  curves   are   given  for  E = 0 and 7 = 0.003 inch.  These r e s u l t s  
confirm  the measurements using  transducer Z S j  however, t h e  peak  values  are gen- 
e r a l l y  somewhat lower in magnitude. In  addition,  the  curves  are  not as well  be- 
haved as t h o s e   i n  figures 3 6 ( e )   t o  (I) as Rapt i s  approached  from  negative 
values of T. 

S ign i f i can t   cha rac t e r i s t i c s  of t he   co r re l a t ion   cu rves   a r e   p lo t t ed   i n   f i g -  
ure 38. These curves  include  results  not  presented  in  the  preceding  f igures.  
Figure 38(a) i s  based on data  obtained  using  transducer CB. The curves i n   t h e  
f igure  were fa i red   accord ing   to   the   da ta  of  survey 2 before   pu t t ing   in   the   po in ts  
f o r  survey 1; the  values of Rapt, Topty Rs, and T~ are  given as a function  of 
z. Considerable  scatter i s  evident i n  t he   f i gu res   fo r  TOpt and T ~ .  This i s  
t o  be  expected  because i n   t h e   o r i g i n a l  X-Y p lo t te r   curves  0.10 inch of x-scale 
(T) i s  equal   to  0.02 millisecond. Even with  the most carefu l   read ing   the   sca t te r  
cannot  be  reduced. The general   t rend  in  Topt  i s  to   increase  in   value  with  an 
inc rease   i n  z. In   the   case  of T~ ( f ig .  38 ( a )  ) the  faired  curve  could  very 
e a s i l y  be  replaced by a s t r a i g h t   l i n e -  However, i n  most - r S  data some non- 
l i n e a r i t y  i s  indicated. The values of Rs ( f ig .  38(a)) show the   i nc rease   i n   t he  
outer   port ion of the boundary layer   a l ready   re fer red  t o  i n   f i g u r e s  36 and 37. 

Figure  38(b)   gives   the  s ignif icant   character is t ics  of the  correlat ion  curves  
using  transducer ZS, various  values of 6, and q = 0. The Ropt and Qs data  
in   f igure   38(b)  do not  indicate a steady  trend as do counterparts i n   f i g u r e s  
38(c)  and (d) .  The var ia t ion  of Top% with z i n   f i g u r e  38(b) i s  such t h a t ,  
a t  any  value of z greater  than  about 0.1 inch, Topt increases as 5 i s  in-  
creased.  For any value of 5 the   var ia t ion  of TOpt wlth z i s  approximately 
l i n e a  i f  z i s  greater   than 0.2 inch. Over most of  the  range of z values, T~ 
also  increases  (values become less   nega t ive)  as E i s  increased  (fig.   38(b)).  

In   f i gu re   38 (c )   t he   r e su l t s   a r e  as f o r   t h e i r   c o u n t e r p a r t s   i n   f i g u r e  38(b) 
except  that   here 6 x 0 and  each  figure  contains  curves  for  the  various  values 



of q. In   f i gu re   38 (c )   t he   r e su l t s  of Rapt against  z are  indeed a very  reg- 
u l a r l y  behaved set o f   da t a   i n   con t r a s t   t o   t he   da t a  of figure 38(b). The maximum 
values of Rapt f o r  each  curve q = constant  are  progressively  smaller and 
occur at larger   values  of z as q i s  increased. The curves of Topt as a 
function of z in   f igure   38(c)   exhib i t  a marked change  of s lope   for  q greater  
than  about 0.4 inch. For values of z l e s s   t h a n  0.4 inch, a systematic change 
a l so   occurs   in   tha t   l a rger   va lues  of Zopt appear t o  be  reached f o r  q l a r g e r  
as z gets  smaller.  There i s  only a s l igh t   sys temat ic   t rend   in   the  maximum 
values of the  Qs against  z curves  with 7 ;  the  curves  of zs against  z 
show an   overa l l   increase   in  T~ with  increasing 7.  

In   f i gu re   38 (d )   t he   r e su l t s   a r e  similar t o   t h e i r   c o u n t e r p a r t s   i n   f i g u r e  
38 (b ); here  transducer CB i s  used.  Considerable  portions of t h e   c m e s  in  f i g -  
ure  38(d)  are  extrapolated  (through  widely  scattered  data) as indicated by the  
dashed  lines. 

In   f i gu res  39 and 40, respectively,   are  presented some typica l   tu rbulen t -  
i n t e n s i t y   p r o f i l e s  and spectra  obtained  during  the  surveys  prior  to  the  correla- 
t i o n  measurements of t h i s  section. The root-mean-square ve loc i ty   f luc tua t ion  di-  
vided by the   l oca l  mean ve loc i ty   i n   t he  boundam  layer i s  given in   f i gu re   39 (a ) .  
In   f igure  39(b)   the root-mean-square veloci ty   f luctuat ions  are   divided by the  
free-stream  velocity. These two f igures   a re   p resented   to  show t h a t   t h e  measured 
values of tu rbulen t   in tens i ty  were f a i r ly   cons i s t en t  from  survey t o  survey  with 
the   var ia t ion   in   va lues  a t  a par t icu lar   va lue  of z being no  more than It4 per- 
cent. me   spec t r a  were quite  repeatable on each  survey as i s  indicated by f i g -  
ures  40(b) and (e) .  

Two possibly  serious problems must be  considered i n   t r y i n g   t o  make meaning- 
f u l  measurements of the  correlat ion of wall-pressure and velocity  f luctuations.  
One i s  the   f ac t  tha t  the  velocity-fluctuation  transducer  (the  hot-wire anemom- 
e t e r )  and the  pressure-fluctuation  transducers  are  probably  not  perfectly matched 
transducers  with  regard  to  their  phase-angle  response as a function of frequency. 
The necessity  to  consider  not only amplitude  response  but  also  the  phase-angle 
response of a transducer  over  the  frequency  range of i n t e r e s t   a r i s e s  from t h e  
f a c t   t h a t ,  i f  two transducers  have a t  a par t icular   f requency two considerably 
different   values  of phase  angles 0 1  and (Pz, a t  that   f requency  the  correlat ion 
w i l l  be a function of cos((P2 - Ql). 

Although these  phase-angle  characterist ics were not measured, it can  be 
s ta ted   tha t   for   the   f requency   range  of i n t e r e s t ,  50 t o  15,000 cps, t h e  phase 
angle as a function of  frequency f o r  the  piezoelectric  transducer shows  somewhat 
l e s s   v a r i a t i o n   t h a n   t h a t   f o r   t h e  condenser  transducer. This remark  follows  from 
comparing t h e i r  amplitude  response as a function of fre.quency (fig.  3). The 
piezoelectr ic   t ransducers   exhibi t   less   var ia t ion  over   the  indicated  f requency 
range  than  the  condenser  transducer.  Elementary  considerations of transducer 
theory show t h a t  this w i l l  l e a d   t o   l e s s   v a r i a t i o n  in the  phase-angle  character- 
i s t i c  as a function of frequency  (ref. 38). 

A s  i s  seen  by  comparing f igures  36(a) and 37, there  i s  f a i r  agreement  be- 
tween the   cor re la t ion   curves   for   the  two types  of  transducers. The most 



noticeable  difference  between  the  two  sets  of  data  is  that  the  values  of R are 
slightly  lower  for  the  set  where  the  pressure  transducer  is  of  the  condenser 
type. This result  is  consistent  with  the  preceding  remarks  on  the  phase-angle 
characteristics  of  the  two  types of pressure  transducers.  Thus,  for  these  pur- 
poses  the  piezoelectric  transducers  are  more  nearly  matched t o  the  hot-wire  ane- 
mometer  than  are  the  condenser  transducers.  If  a  phase-angle  difference  does 
exist  between  the  velocity  and  pressure  transducers  used  to  obtain  the  correla- 
tions,  its  effect  would  be t o  reduce  to  a  certain  extent  the  magnitudes  of  the 
correlation  coefficients. This implies  that  ideally  matched  transducers  might 
yield  even  larger  values  of  the  correlation  coefficient  than  those  measured. 
Consequently,  the  magnitudes  of  the  correlation  coefficients  measured  may  be  re- 
garded  as  tentative  results. 

The second  major  problem  encountered  in  the  measurement  of  the  pressure- 
velocity  correlations is the  existence of interference  between  the  hot-wire  probe 
and  the  flow  field  as  indicated  in  figure 41, which  presents  the  spectra  of  the 
wall-pressure  fluctuations  measured  during  the  correlation  exgeriments. !he data 
in  these  figures  indicate  that  the  shapes  of  these  wall-pressure  fluctuation 
spectra  are  affected  to  a  certain  extent  by  the  proximity  of  the  hot-wire  probe. 
The  spectra  in  figures  41(a)  to (a) are  taken  with  transducer ZS for 7 0 and 
various  values  of 5. In figure  41(a)  with E = -0.001 inch,  that  is,  with  the 
hot  wire  directly  above  the  pressure  transducer,  the  spectral  values  below 
400 cps  increase  in  magnitude  as  the z values  get  smaller,  whereas  the  spec- 
tral values for frequencies  above  approximately 400 cps  are  decreased. 

The  effect  of  moving  the  hot-wire  probe  downstream  away  from  the  pressure 
transducer is noted  by  comparing  figures  4l(a)  to (a) with  each  other.  Virtually 
no  increase in the  value  of  F(f)  is  obtained  for  the  frequencies  lower  than 
about 400 cps  as  the  values of z  are  allowed  to  decrease.  The  effect  of  the 
proxhity of  the  hot-wire  probe  on  the  wall-pressure  fluctuations  is  shown  in 
figures 41(e) to  (i),  with  the  displacements  in  the  plane of the  wall  now  being 
only  a  direction  normal  to  the  free  stream.  In  figure 41( e), with q equal  to 
0.002  inch,  that  is,  approximately  zero,  the  effect  of  decreasing  the  values  of 
z  is  the  same  as  that  for  figure  41(a)  (as  expected,  since  for  both  figures 
E, = q = 0). The  effect  of  the  proximity  of  the  hot-wire  probe  exists  to  a  slight 
degree  at 7 = 0.186 inch  in  figure 4l(g). It is not  evident  at 7 = 0.390 inch 
in  the  data  of  figure  4l(h);  a  similar  condition  exists  for 7 = 0.671 inch  in 
figure 41( i ) .  

As shown  in  figure  42  the  autocorrelation  curves  for  the  hot-wire  signals 
at  positions  near  the  wall  for  cases  where 7 is  approximately  zero  and E has 
various  values  clearly  indlcate  that  the  hot-wire  signals  are  essentially  unaf- 
fected  by  the  nearness  of  the  hot-wire  probe  to  the  pressure  transducer. On the 
other  hand,  as  seen  in  figure 43, which  presents  the  autocorrelation  curves  for 
the  wall-pressure  fluctuations  (as  measured  by  transducer ZS) with  the  hot-wire 
probe  positioned  at  z = 0.016k0.002 inch, 7 = 0, and  various  values  of E, , the 
proximity  of  the  hot-wire  probe  affects  the  wall-pressure  fluctuations.  Thus,  it 
is  noted  that  for 6 of  0.200  and 0.307 inch  the  shapes of the  autocorrelation 
curves  approach  those  produced  by  the  piezoelectric  transducers  used  in  the 
space-time  correlations of the  wall-pressure  fluctuations  (cf.  fig. 26). 
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From f igures   41 and  43 it i s  thus  noted  that  on ly  t h e  magnitudes  of  the 
lower  frequency  portion of the  spectrum of the  wall-pressure  f luctuations  are  in- 
creased as z i s  allowed to   decrease   for  5 and q approximately l e s s   t h a n  
0.20 inch.  Consequently, one may omit  from serious  consideration  those  correla- 
t ions  for   smaller   values  of z (a. 20 in. ) when 5 and 9 a r e   l e s s   t h a n  EO. 20 
inch. On the  other  hand, a l l  the  data  may be  considered i f  one observes  the  ef- 
f e c t s  of f i l t e r i n g   o u t   t h e  lower  frequency  portion of t h e  spectrum, which i s  
apparently most affected by the  interference.  Figure 44 presents   the   e f fec t  of 
using  only a cer ta in   por t ion  of the  spectrum in   t he   co r re l a t ions  of  the   ve loc i ty  
fluctuations  with  the  wall-pressure  f luctuations.  The correlat ion  curves   are   the 
f u l l  band pass and 400-, 3000-, and  6000-cps high-pass band ( 6  M q = 0). It i s  
only in   the  range of frequencies below 400 cps  that   the   spectra  of t h e  w a l l -  
pressure  f luctuat ions show any appreciable  interference  effect  from  the  hot-wire 
probe.  Consequently, t h e   f a c t  of p a r t i c u l a r   i n t e r e s t   i n   f i g u r e  44 i s  the com- 
parison of the peak co r re l a t ion   coe f f i c i en t   fo r   t he  f u l l  band pass   wi th   tha t   for  
the  400-cps  high-pass band. The values of Rapt a re  0.60 and 0.52 for the  f u l l  

band pass and  400-cps high-pass band, respectively. This ind ica t e s   t ha t   t he  
f luc tua t ions  below 400 cps do not  contribute  appreciably  to  the  correlation  coef- 
f i c i e n t s  measured. Consequently, t h i s   i n t e r f e rence   e f f ec t  should  not  affect  the 
measurements of pressure-velocity  correlation. A s  i n   t he   ca se  of t h e  space-time 
correlat ions of the  wall-pressure  f luctuations,   the  rejection of t h i s  lower f r e -  
quency portion of the  spectrum a l s o  serves t o  remove those  portions of the  spec- 
t r a  that might be  affected  by  wind-tunnel  disturbances. 

I n   f i g u r e  44 the  correlation  curve of R as a function of T w a s  made con- 
siderably  narrower when the  portion  of  the  spectrum below 400 cps w a s  f i l t e r e d  
out. I n   a d d i t i o n   t o   t h e  normal e f f e c t  of u s i n g   f i l t e r s ,   t h i s  narrowing  actually 
m i g h t  be t h e   r e s u l t  of re ject ing  those  port ions of the  spectrum  affected by in- 
terference.  I n  the  following  only  the  magnitudes of & and T at  the  peaks 
will be  discussed.  Considerations of the  shapes of the  curves w i l l  not be par- 
t i cu la r ly   s t ressed .  

The r e su l t s   g iven   i n   f i gu res  36 t o  38 ind ica t e   t ha t   t he  u-component of the  
f luctuat ing  veloci ty   does make  some contr ibut ion  to   the  pressure  f luctuat ions a t  
the  w a l l .  This  follows  from  the  fact that  nonzero  values  of & were obtained. 
The r e su l t s   i nd ica t e   t ha t   t he re   a r e  two r e g i o n s   i n   t h e  boundary layer  where the  
u-component contr ibutes   to   the  pressure  f luctuat ions a t  the  w a l l .  These are   the 
inner  region  (close t o  the  w a l l )  and the  outer  region, which i s  highly  inter-  
mittent. While the  magnitudes of the  & obtained  for  the  inner  region (&opt) 
are  higher  than  those  obtained  for  the  outer  region ( R S ) ,  t h e  amount of a c t u a l  
contribution  of  these two regions will depend  on t h e  volumes i n  each  region  over 
which the & i s  appreciable. 

According to  the  leading  assumptions  in  the  Lil ley-Hodgson  theory  (ref.  16), 
the  wall-pressure  f luctuations depend s igni f icant ly  only  on the w-component of 
ve loc i ty   f luc tua t ions   for   the   inner   reg ion  of the boundary  layer.  This  inplies 
tha t ,   in   cor re la t ing   the   wal l -pressure   f luc tua t ions   wi th   the   ve loc i ty   f luc tua-  
tions,  larger  magnitudes of the   cor re la t ion   coef f ic ien ts  may be  obtained  with  the 
w-component of veloci ty   f luctuat ions  than  with  the  other  two components. As the  
other components  of veloci ty   f luctuat ions were not  measured and were not  corre- 
l a t e d  w i t h  the   p ressure   f luc tua t ions ,   the   resu l t s  between components cannot  be 
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compared, However, it i s  t o  be noted that any  given  value of Q f o r   t h e   p a r t i c -  

ular 6, 7, z, and -r i s  the  covariance pwu divided  by  the  product of 

and 6. What would be more appropriate i s  t o   g e t  a value 631 defined as 

- 

which i s  simply 

i n  terms of 8, t he  measured cor re la t ion   coef f ic ien t .  

Although no measurements  were made of 7 and -2 w , values of & I  can  be 
computed using  the  data of  Klebanoff ( r e f .  28). For the  inner   region of t he  
boundary l aye r  it i s  seen  from  figure 38(b) that t h e  measured Rapt as a func- 
t i o n  of z has maximum values  approximately a t  z = 0.08 inch, which  becomes 
z/6* = 0.45 with 6" = 0.178 inch. For z/6* = 0.45, Klebanoff ' s   data   yield  the 
values fl = 0.08, fi = 0.06, and = 0.035. Thus, 

For a measured  value  of Q = 0.34 with 6 2 0.20 inch  and 7 = 0, a value of & I  

of 0.26 i s  obtained. It i s  now evident  that ,   even for the   cor re la t ion   coef f i -  
c ients   based on the   roo t  mean square of the   en t i re   ve loc i ty   f luc tua t ions ,  for the  
inner  region  significant  nonzero  values of correlation  are  obtained  between  the 
w a l l  pressure and u-component of veloci ty   f luctuat ions.  And yet,  as previously 
pointed  out, i f  t h e   t h e o r e t i c a l  model i s  correct,   the  correlations  between  the 
pressure and w-component of veloci ty   f luctuat ions  should  yield much higher  values 
of cor re la t ion   coef f ic ien ts ,  where Q in  t h i s   c a s e  must  be defined as 

PWW R =  

In   the   curves  of Q agains t  T the   peak  correlat ion  coeff ic ients   desig-  
nated as Qs a t t a i n  maximm va lues   fo r  z va lues   t ha t   a r e  much la rger   than  
those   fo r   t he  Rapt values  already  discussed. (The "secondary"  peaks Rs a r e  
those  peaks  occurring a t  negative  time  delays of nearly 1 msec i n  c o n t r a s t   t o   t h e  
Qopt peaks which occur a t   posi t ive  t ime  delays  near   zero.)  The i n i t i a l   r e a c t i o n  
i n  viewing  these E S  peaks   for   the   p re l iminary   resu l t s  w a s  t ha t   t hey  were erro- 
neous. The e n t i r e  system of measurement  and cor re la t ion  was thoroughly checked. 
These peaks were not  found t o  be t h e   r e s u l t  of some problem  of  instrumentation o r  
measurement such as the   in te r fe rence   e f fec t  of the  hot-wire  probe. For t h i s  
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range of z the   in te r fe rence   e f fec t  of the  hot-wire  probe was negl ig ib le   for  al l .  
values  of  separation  distances 5 and q. 

Since t h i s   r e s u l t  i s  l imited  to   the  outer   region  of   the boundary layer ,   the  
i n t e r m i t t e n c y   t h a t   a l s o   e x i s t s   i n  this region i s  considered t o  be  qui te   s ignif i -  
cant. I n   f i g u r e  45 t h e  data of KLebanoff ( ref .  28) and Corrsin and Kis t le r   ( re f .  
31) for   the   in te rmi t tency   fac tor  y a re  compared with Rs as a function of 
z/6* for  several   surveys.   For  the  Klebanoff  data,   originally  given as y as a 
function of z/6*, h i s  mean-velocity  data were used t o   c a l c u l a t e  6/6* t o   o b t a i n  
y as a function of z/6*. Because the  Corrsin-Kistler  experiments  used a cor- 
rugated wall, the  calculat ion of 6* from the  mean-velocity  profile w a s  consid- 
ered unwise i n   t h i s  case.  Since  both  Klebanoff and Corrsin-Kistler gave y as a 
function of z/6, the  method of converting y i n t o  a function of z/6* w a s  
f irst  t o  compare the  Klebanoff  and  Corrsin-Kistler  data a t  a par t icu lar   va lue  of 
z/6 and t h e n   t o  use  the  Klebanoff z/6* t o   p lo t   t he   va lue  of y fo r   t he  
Corr  sin-Ki s t le r   da ta .  

I n  f igure  45 the maximu values of Rs occur in   the   in te rmi t ten t   reg ion  of 
the   l ayer  as defined by y as a function of z/6*. Par t icu lar ly  good agreement 
seems to   exis t   wi th   the  intermit tent   region as defined by the  Corrsin-Kistler 
data.  Their  data compared with  the  Klebanoff  data show a stronger  penetration 
of the  intermit tent   f luctuat ions a t  dis tances   greater   than 6. The agreement  be- 
tween RS and r i s  tempered  by t h e   f a c t   t h a t  nonzero  values  of Rs extend  out 
t o   l a rge r   va lues  of z/6* than do the  nonzero  values  of y fo r   e i t he r   t he  
KLebanoff or Corrsin-Kistler  data. While the  intermit tency  factor  y w a s  not 
measured in   t he   p re sen t   i nves t iga t ion ,   t he   t u rbu len t   i n t ens i t i e s   ( f i g .   39 (b ) )  
for   the  outer   region of the  boundary layer   a re   g rea te r  and  extend f u r t h e r  from 
the w a l l  compared with  the  Klebanoff or the  Corrsin-Kistler  data. As previously 
remarked, the  magnitudes of these 63, values  are  approximately  one-half  the 
Rapt values  obtained in  the  inner  region.  Furthermore, i f  again i s  calcu- 
l a t e d  by using  KlebanoffTs  data, which show tha t   fo r   t he   ou te r   r eg ion  

6 x = 6, there  i s  obtained 

63’ = R = 0.57 R 
” 

-t v2 3- w2 

This implies  that,  although  the u-component f luc tua t ions   in   the   ou ter   reg ion  con- 
t r ibu te   to   the   wal l -pressure   f luc tua t ions ,   the  magnitude of the  contribution from 
a pa r t i cu la r   po in t  i s  not as grea t  as t h a t  from  the  inner  region. 

For most of the  values of 5 and q, the  time  delays TOpt generally  in- 
crease  with  increasing Z. Attemgts a t  trying t o   r e l a t e   t h e  Topt va lues   t o   t he  
convect ion  veloci t ies  measured i n  the space-time  correlations  of  wall-pressure 
f luctuat ions have  not  been  successful  using  the  present  data. 

The negative  values  obtained for the  t i m e  delays  denoted as -rs i n  f igures  
%(b)  and ( c )   i nd ica t e  a behavior of the cor re la t ion  of t he   ve loc i t i e s   w i th   t he  
wal l -pressure  f luctuat ions  different   f rom  that   for   the inner region (Rapt and 
Top%). These  negative T~ values   require   that   even  for  5 0 the ve loc i ty  
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fluctuations  that  correlate  with  the  wall-pressure  fluctuations must occur  some 
distance  upstream  of  the  pressure  transducer  and  hot-wire  probe.  This  is  inter- 
esting  in  that  it  agrees  with  the  results  of  reference 39. This  reference  shows 
(in  fig. 4 therein)  results  that  indicate  that  the  u-component  of  the  fluctuating 
velocities  does  have  an  effective  eddy  convection  velocity  in  the  z-direction, 
but  that  it  is  considerably  less  than  that  for  the  free-stream  direction.  These 
results imply that  the  large-scale  velocity  fluctuations  in  the  outer  region  that 
eventually  affect  the  pressure  at  the  wall  must  originate  a  considerable  distance 
upstream  in  order  for  the  slower  convection  in  the  z-direction  to  have  sufficient 
time  to  reach  the  wall.  Rough  calculations  of T~ based  on  the  results  of  ref- 
erence 39 give  values  from -0.45X10-3 to -0.6WO-3 second,  whereas  the  present 
results  range  from -0.7x10'3 to -0.8x10-3 second.  However,  it  is  not  suggested 
that  this  simple  concept  sufficiently  explains  the  phenomenon. 

CONCLUSIONS 

The  following  conclusions  may  be  drawn  from  this  experimental  investigation 
of  the  wall-pressure  fluctuations  in  a  turbulent  boundary  layer: 

1. The  value  of  the  root-mean-square  wall-pressure  fluctuations  approaches 
fi = 0.0075 q,,, as d/6* approaches  zero  (where g, is  the  free-  stream  mean 
dynamic  pressure, d is  the  diameter  of  the  pressure  transducer,  and 6* is  the 
displacement  thickness  of  the  boundary  layer). 

the l o c a l  skin-friction  coefficient)  depend  on d/6*. By extrapolating  the  meas- 
ured p to d/6* = 0, there  results p = 3.9, which  is  in  good  agreement  but 
slightly  higher  than  the  value of 3.1 obtained  from  the  most  recent  Lilley 
analysis  (ref. 17). 

3. As the  transducer  size  is  decreased,  the  dimensionless  mean-square  spec- 

trum [g(u)Um]/(&6*) of  the  wall-pressure  fluctuations  apparently  approaches  a 
universal  function  of  the  dimensionless  frequency  wG*/U,  as  indicated  by  Will- 
marth  for  the  upper  range  of  w6"/Um,  but  this  universal  function  agrees  with  the 
data  obtained  by  Willmarth only for  his  lowest  reported  values  of &*/Urn. 

4. The  dimensionless  mean-square  spectrum  of  the  wall-pressure  fluctuations 
as  a  function of the  dimensionless  frequency  w6*/Um  does  not  agree  with  the 
Lilley-Hodgson  theoretical  result  (ref. 16) except  near  the  peak  of  the  theoret- 
ical  spectrum  (fig. 22). 

5. The  values  of  the  correlation  coefficients Ropt as  a  function  of 5/6* 
(the  longitudinal  separation  distance  divided  by  the  boundary-layer  displacement 
thickness)  agree  with  those  obtained  by  W1.11arth  (fig. 30) 

6. Measurements of the  correlation  coefficients Rapt in  the  lateral  direc- 
tion 7 indicate  that  their  scale  is 1/7.4 of  those  obtained  for  the Rapt in 
the  longitudinal  direction 6. 
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7. Measurements i nd ica t e   t ha t   fo r  any 5 and 7 separation  the Rnn t  can 

8. The r a t i o  of  the  convection  velocity  to  the  free-stream  velocity Uc/Um 
i s  shown not t o  be a constant  but  to  increase  with  increasing  separation  distance 
6 and for   the   l a rger   separa t ion   d i s tances   to   agree   wi th   the   va lues   ob ta ined  by 
Willmarth.  This  variation  in  the magnitude  of the  convection  velocity i s  ex- 
p la ined   in   t e rms   of   the   re la t ive   d i s tances   in  which the  s m a l l -  and large-scale 
eddies  are  coherent  (fig. 32). 

9. Correlations  of  the  wall-pressure  f luctuations  with  the  longitudinal com- 
ponent of the   ve loc i ty   f luc tua t ions   ind ica te   tha t   the   cont r ibu t ions   to   the  w a l l -  
pressure  f luctuat ions  are   associated  with two regions - an  inner  region  near  the 
w a l l  and an  outer  region  linked with the  intermittency  near  the edge of the 
boundary layer .   In   the  outer   region  the  intensi ty  of the  contributions of the  
veloci ty   f luctuat ions  to   the  wal l -pressure  f luctuat ions as indicated by the 
magnitude  of the  correlat ion  coeff ic ients  i s  less   than   one-ha l f   tha t   for   the  
inner  region. 

CONCLUDING REMARKS 

In   the  previous  sect ion  several   def ini te   conclusions have  been  stated. Some 
fur ther  remarks on t h e   r e s u l t s  can  be made. 

1. To lessen  the  disagreement  between  the  available  theoretical   analyses 
and the  available  experiments on the  spectra  of the  wall-pressure  f luctuations 
probably  requires  that   less  simplified  assumptions be  used i n   t h e   t h e o r e t i c a l  
work. Some additional  experimental work should  be  performed t o  corroborate  the 
r e s u l t s  of th i s   inves t iga t ion ,   par t icu lar ly   for   va lues  of dimensionless  frequency 
&"/Urn smaller  than 0.07. 

2. The resu l t s   ob ta ined   for   the   cor re la t ions  of the u-component of veloci ty  
f luctuat ions w i t h  the  wall-pressure  f luctuations  definitely  suggest  that   experi-  
ments  be  performed t o  s tudy  the  intensi ty  and extent of the  correlat ions where 
the  other two components of ve loc i ty   f luc tua t ions   a re  used. Since  the  theoret- 
i c a l  models f o r   t h e  problem  suggest t ha t  the w-component of the  veloci ty   f luctu-  
a t ions  i s  t h e  dominant one in   cont r ibu t ing   to   the   wal l -pressure   f luc tua t ions ,  
cor re la t ion   coef f ic ien ts  of greater  magnitude  should  be  obtained for   the   cor re-  
la t ions   wi th   the  w-components than  those  with  the u-components. More elaborate 
f ac i l i t i e s   t han   t hose  used  herein would be  required  for   these measurements. 

3. The successful measurement of the   cor re la t ions  of the  wall-pressure  f luc- 
tuat ions  with any component of the  velocity  f luctuations  has  been  reported  for 
t he   f i r s t   t ime   he re .  It i s  suggested t h a t   t h i s   t y p e  of measurement should  be 
considered for use i n  studying  other  types of f luc tua t ing   f l u id  flows. 

Lewis  Research  Center 
National  Aeronautics and  Space Administration 

Cleveland, Ohio, Septeniber 19,  1962 
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APPENDIX A 

SYMBOLS 

speed  of  sound,  ft/sec 

Cf 

k 

LPx 
L 

M 
PY 

P 

B 

P 

local  skin-friction  coefficient  defined  as  local  viscous  shear  stress 
at  wall  divided  by  dynamic  pressure  evaluated  at  free-stream  con- 
ditions,  dimensionless 

diameter  of  pressure  transducers,  in. 

spectral-density  function,  p2(f)/2 or F(f)df = 1, see lrn 
frequency,  see-1 

ratio  of 6* to  the  momentum  thickness 0 of  boundary  layer, 
dimensionless 

wave  number,  2rf/U, em-' 

typical  length  scale  of  wall-pressure  fluctuations in x-direction,  in. 

typical  length  scale  of  wall-pressure  fluctuations  in  y-direction,  in. 

Mach  number,  U/a,  dimensionless 

steady  pressure, lb / sq  ft 

sum  of  mean  and  fluctuating  static  pressures, P + p(t),  lb/sq ft 

static-pressure  fluctuation  about  mean  value P, lb/sq ft or 
dynes/sq ern 

mean-square  pressure  fluctuation  per  unit  bandwidth  as  defined  by ( 
"0 / 

a l s o  mitten as  p2(w) = 2 ~ r  p2(f),  abbreviated  notation  following 1- 

Willmarth  (ref. 19) 

dynamic  pressure, pU2, lb/sq  ft 

wall-pressure  correlation  coefficient  (see  appendix E), dimensionless 

1 

2% 



Q pressure-velocity  correlation  coefficient  (see appendix E) ,  
dimensionless 

SPL 

t 

u = u1 

U6 

u = u1 

v = u2 

v = v2 

w = u3 

w = u  3 

- X 

x = x1 

Y = x2 

z = x3 

P 

Y 

8 

Reynolds number based on momentum thickness,  dimensionless 

distance between  source  point  and f i e l d   p o i n t   i n   i n t e g r a l s   i n  eqs. (2), 
(31, and (91, ft  

where po i s  a reference  pressure  equal  to 2 ~ l - O ' ~  

dyne/sq cm, db 

time,  sec 

longi tudinal  component of mean veloci ty  (1. e., u + u = u u) ,  f t / sec  
" 

longi tudinal  mean velocity  defined as equal   to  0.99 u,, f t / sec  

longi tudinal  component of turbulent o r  f luctuat ing  veloci ty ,   f t /sec 

transverse component of mean vzloci ty  (V assumed t o  be  negl igible   in  
boundary l aye r ) ,   f t / s ec  

transverse component of f luctuat ing  veloci ty ,   f t /sec 

normal ( t o  w a l l )  component of mean veloci ty  ( W  assumed t o  be  negligi- 
b le  in boundary l aye r ) ,   f t / s ec  

normal ( t o  WU) component of f luctuat ing  veloci ty ,   f t /sec 

vec to r   i n  x-y-z coordinate  space, f t  

longi tudinal   coordinate   (paral le l   to   wind-tunnel   center l ine and taken 
as pos i t i ve   i n   d i r ec t ion  of  flow  and  with x1 = 0 a t  beginning of 
t e s t   s e c t i o n ) ,  f t  

transverse  coordinate, f t  ( o r  in. ) 
normal ( t o  w a l l )  coordinate, f t  ( o r  in. ) 

proportionali ty  constant between  root-mean-square  wall-pressure  fluctu- 
a t ions  and loca l   sk in- f r ic t ion   coef f ic ien t  (eq. ( 5 ) ) ,  dimensionless 

intermittency  factor  defined as average  time tha t   s igna l  i s  turbulent 
divided  by  total  time,  dimensionless 

boundary-layer  thickness,  in. 
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6* displacement  thickness as defined in ref .  31 (p. 291), in. 
f separat ion  dis tances   in   z-direct ion,  in. 

-q separation  distances in y-direction, in. 
8 momentum thickness as def ined   in   re f .  31 (p. 291) , in. 

6 re la t ive   d i s tances  i n  x-direction,  in. 

p densi ty  of air, slugs/cu f t  

T time  delay (i. e., difference between two i n s t a n t s  of time),  sec o r  msec 

o frequency, ZTZ, radians/sec 

Sub s c r i p t s  : 

C convection 

opt   re fe rs   to   va lue  of cor re la t ion   coef f ic ien t  and  time  delay  associated  with 
peak in   cor re la t ion   curve   tha t   occurs   neares t  T = 0 

p pressure 

s r e f e r s   t o   v a l u e  of   correlat ion  coeff ic ient  and time  delay  for  peak  in 
correlation  curve  that   occurs  near T = -1 msec 

w w a l l  

co free-  stream  condition 

(-) vector 

Superscript: 
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APPEXDIX B 

WIND-TUNNEL FACILITY 

The wind-tunnel f a c i l i t y  was specially  designed for the  purpose of obtaining 
the  best   possible  means f o r   t h e  measurement of wall-pressure  f luctuations  asso- 
ciated  with a turbulent boundary layer.  The objective was t o   o b t a i n  a good ap- 
proximation t o  a two-dimensional  turbulent  boundary  layer  of  fairly  large  extent 
resu l t ing  from the  flow of a f l u i d  of uniform  velocity  adjacent  to a p lane   r ig id  
w a l l .  Extraneous  noises from sources  other  than  the  turbulent-boundary-layer 
f luctuat ing  pressures   should  be  negl igible   in  comparison  with  these  pressure 
fluctuations.  

The f a c i l i t y  shown i n   f i g u r e  1 i s  a nonreturn  continuous-suction  type of 
wind tunnel. The in l e t   s ec t ion  i s  rectangular   in   cross   sect ion at a l l  stations.  
The area  contraction of 40 t o  1 i s  from  an i n l e t  opening  of 4 by 10 f e e t  down t o  
an  8-  by  18-inch  cross  section. The length of t h e   i n l e t   i s  6 f e e t  6 inches. The 
var ia t ion  of the  cross-sectional  area  with  longitudinal  distance x was based on 
information  presented i n  reference 40. The commercially  available f i l t e r  units 
used were 3/32-inch-thick  Fiberglas  elements. The in l e t   s ec t ion  was fabricated 
of  1/8-inch s t e e l  and ex terna l ly   r ibbed   for   s t ruc tura l   r ig id i ty .  The in le t   sec-  
t i o n  i s  shock mounted t o  a bedplate and concrete  f loor arrangement (as i s  the 
e n t i r e   f a c i l i t y ) .  !The i n t e r i o r  of t h e   i n l e t  was coated  entirely  with a nongloss 
p a i n t   t o  promote the  formation of a thick  turbulent  boundary l a y e r   i n   s p i t e  of 
the  longi tudinal   pressure  gradient   favorable   for  most  of t he   i n l e t .  

The t e s t   s ec t ion  i s  40 f e e t  long. The en t i re   l ength  i s  divided  into 10 sec- 
t ions ,  4 f ee t   i n   l eng th .  One side of t he   t e s t   s ec t ion  i s  solid  l /Z-inch  steel ,  
and the  other  three w a l l s  are  double-walled. The inner w a l l s  consis t  of porous 

bronze  plates Q by 2% by - inch. A t  the  time of i n s t a l l a t i o n   t h e   j o i n t s  be- 
tween the  porous  plates were sealed  with a cement t ha t  w a s  s u f f i c i e n t l y   t h i c k   t o  
prevent  clogging of  porous  metal. The outer w a l l s  of the  doubled-walled  sides 
have flanges for bolt ing  to   the  sol id-wal l   s ide.  All sol id-metal   jo ints  were 
sealed by compressing 3/16-inch-outside-diameter by  1/16-inch-inside-diater  
Tygon tubing  placed  in  grooves  between  the  mating  parts.  Particular  attention 
w a s  p a i d   t o   t h e  problem of effect ive  seal ing a t  the  corners. The joints   a long 
t h e   s o l i d   t e s t  w a l l  were f a i r e d  and  mated t o   w i t h i n  +0.0005 inch a t  ins ta l la t ion .  
A l l  sections were  doweled together  after  proper  mating had  been  achieved. 

3 1 3 
8 

The two 8-inch  double-walled  sides  contain  seals  that  can limit the  suction 
t o  be  effective  over  only a port ion of the %inch  depth  (see  f ig .   l (b)) .  The 
sea ls   ( in   the   8 - in .   s ide  walls) were ad jus ted   to  conform t o   t h e  approximate 
thickness  of  the boundary layer  (developing  along  the  solid w a l l )  from  the  be- 
ginning t o   t h e  end  of the   t es t   sec t ion .  The sealing  device  consisted of a s t r i p  
of f a i r l y   p l i a n t  (sponge)  rubber  placed  between two metal  bars  nearly  spanning 
the  width of  space  between the  double w a l l s .  A rod  that   protruded  externally 
and was f i t t e d   w i t h  a handle  permitted (1) the  compression of the  rubber str ip 
fo r   s ea l ing  and (2) set t ing  the  seal ing  device a t  a desired  posi t ion  within  the 
double w a l l .  
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The flow  through  the  porous walls was drawn off t o  a bleed  manifold  through 
bleed  pipes  made of reinforced  rubber  construction  ( to  prevent  transmission of 
v i b r a t i o n s   t o   t h e   t e s t   s e c t i o n ) .  There  were four  bleeds on the f irst  upstream 
sect ion and two on each  of  the  remaining  nine  sections. The flow  through  the 
bleed  pipes w a s  controlled  by  globe  valves. The ent i re   bleed  f low was f u r t h e r  
controlled  by a 12-inch  butterfly  valve downstream  of the  bleed  manifold. 

The t e s t   s e c t i o n  was f i t t e d   w i t h   s t a t i c   t a p s  as shown i n   f i g u r e  l ( b ) .  The 

10 or ig ina l   so l id   s ides  were f i t ted  with  e ight   ports ,   each 1A inch i n  diameter, 

spaced 6 inches  apar t ,   in  two staggered rows. Subsequently,  provision was made 
t o  use  an  additional  solid-wall   section  that   replaced any p a r t i c u l a r   o r i g i n a l  
solid-wall   section  (usually number three  as it turned  out). This additional  sec- 
t ion  contained  three  8- inch  ports  - one a t  the  center  of the  sect ion and t h e  
other two p o r t s  1 6  inches t o   e i t h e r   s i d e .  A l l  correlation  data  required  the  use 
of this   sol id-wal l   sect ion  s ince it was d e s i r e d   t o  mount the  pressure  transducers 
and hot-wire  probe  within one large  port .  

2 

Considerable  attention was p a i d   t o  shock  mounting t h e   i n l e t  and tes t - sec t ion  
port ions of the wind tunnel .   In   addi t ion   to  shock  mounting to   p revent   v ibra t ions  
from  being  t ransmit ted  through  the  ver t ical   support ing  s t ructure ,   the   tes t   sec-  
t i o n  was i s o l a t e d  from  the downstream por t ion  of the  tunnel  structure.  A rubber 
joint ,   p laced between t h e   t e s t   s e c t i o n  and the  control  section,  served as an ex- 
pansion  joint  and  reduced  considerably  the  vibrations that might e x i s t  downstream 
of the   t es t   sec t ion .  

"he control  section  contained a block  constr ic t ing  the  area and thus con- 
t r o l l i n g   t h e  Mach number i n   t h e   t e s t   s e c t i o n  depending on the  port ion of the  area 
constricted.   This  control  block was placed on the  18-inch  porous w a l l  side. 
Downstream of the  control   sect ion  are   the  diffuser   sect ions  fol lowed  by  the  valve 
and  piping  leading  to  the  laboratory  exhaust machinery. 

The wind-tunnel  instrumentation  for  obtaining  the  stagnation  pressure and 
temperature  consisted  of,  respectively, a standard  aneroid  barometer  stationed 
some distance  upstream of the  W e t  and four  iron-constantan  thermocouples l o -  
c a t e d   i n  a p lane   jus t  downstream  of t h e   f i l t e r s   i n   t h e   i n l e t .  The s t a t i c   p re s -  
sures   a long  the  tes t   sect ion were obtained  f rom  s ta t ic   taps   placed  in   the  sol id  
w a l l  of t he   t e s t   s ec t ion  6 inches   apar t   in  two rows, each 3 inches  from  the  lon- 
gi tudinal   center l ine.  The to ta l   p ressure   very   near   the   cen ter l ine  of the  f low 
was measured with  the  use of the  total-pressure  probe and d i r ec t ly   r ead  on a 
U-tube water manometer (referenced  to  atmospheric  pressure). By us ing   s t a t i c  
taps   the  pressure  drop  across   the  control   b lock was continuously  monitored. The 
wind-tunnel  instrumentation  includes  for  each  bleed  l ine a U-tube water manometer 
t h a t  measures  and thus  allows  control  of  the  flow  (from  the  porous w a l l )  i n   t h e  
bleed  l ines.  These  100-inch U-tube  manometers a r e   i n s t a l l e d   i n  banks  of s i x  each 
a t  convenient  intervals  near  the  porous-bleed  globe-valve  controls. The pressure 
difference measured with U-tube manometers w a s  the  pressure  drop  across  the por- 
ous WU obtained as the   d i f fe rence  of t h e   s t a t i c   p r e s s u r e   i n   t h e  wind tunnel  and 
the   s ta t ic   p ressure   in   the   space  between the  double walls. For each U-tube the  
wind-tunnel s t a t i c   p re s su re  was taken  from a s t a t i c  t a p  a t  the  appropriate sta- 
t ion ,  and the  other   pressure was obtained  from a s t a t i c   t a p   i n   t h e   o u t e r   ( s o l i d )  
w a l l  of the  double-walled  sides, 
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The setup and calibration  procedure  included (1) the  establishment of the 
optimum sett ings  of  the  globe  valve  for maximum suction  of  the  low-velocity air 
from  the  porous w a l l  s ides  and/or optimum control  of the  average  longi tudinal  
s ta t ic-pressure  gradient  and ( 2 )  the  establishment af s u i t a b l e   s e t t i n g s   f o r  ad- 
jus tab le   sea ls  i n  both of the  8-inch  porous w a l l  sides. A measurement was made 
of the  boundary-layer  thickness a t  the  leading edge of t h e  test section. Based 
on this  value,   Values of boundary-layer  thicknesses were est imated  for  a number 
of downstream stations.  %e empirical l a w  used in   t he   ca l cu la t ion  was based on 
the  one-seventh power l a w  v e l o c i t y   d i s t r i b u t i o n   i n   t h e  boundary  layer. The ad- 
j u s t ab le   s ea l s  were then  set   accordingly as a f i rs t  approximation. 

Subsequently, a trial-and-error  procedure was used to   obtain  the  globe-valve 
se t t ings  and 12- inch   bu t te r f ly   va lve   se t t ing   tha t   y ie lded  a zero  static-pressure 
gradient of kl inch of water   for   the   en t i re  test  section. The pressure drops 
across  the  porous w a l l  f i n a l l y  used were everywhere l e s s   t han  35 inches of water. 
This procedure was done with a cont ro l   b lock   ins ta l led  that  gave a nominal Mach 
number of 0.6. Once the  globe-valve  settings  had  been made, the  valve  handles 
were wired  together  in  posit ion.  A s l igh t   reduct ion   in   to ta l   f low  through  the  
porous w a l l  (by  c losing  s l ight ly   the  12-in.   but terf ly   valve from i t s  pos i t ion  
for   zero   s ta t ic -pressure   longi tudina l   g rad ien t   in   the  wind t u n n e l )   r e s u l t s   i n  a 
change in   the  wind-tunnel   s ta t ic   pressures  such tha t   the   s ta t ic -pressure   var ia -  
t i o n  with the  longi tudinal   d is tance i s  very  near ly   l inear  and the  gradient a 
favorable one. Conversely, s l i g h t l y  opening  the  12-inch  valve  results  in  an 
essent ia l ly   l inear   longi tudina l   p ressure   d i s t r ibu t ion   wi th   the   g rad ien t   be ing  
adverse. The f ina l   va lues  of the  porous-wall  boundary-layer  thicknesses 6 
ranged  from 0.3 inch a t  x = 0 a lmost   l inear ly   to  2.5 inches a t  x = 20 f e e t  
and about 3.8 inches a t  x = 40 feet .   Actually,   for  the l as t  4 t o  6 f e e t  of 
tes t   sec t ion   the  two opposing w a l l  boundary layers  were considered t o  be  essen- 
t i a l l y   i n   t h e   p r o c e s s  of merging i n t o  a channel-type  flow. 

The l a s t  step  in  determining i f  the wind tunnel was sui table  for making 
measurements of the  type  intended w a s  t o  measure the   no i se   f i e ld   ex t e rna l   t o   t he  
wind tunne l ,   pa r t i cu la r ly   i n   t he   a r ea  of t h e   i n l e t  opening  and  near  the  test- 
section walls. The measurements  were made with a condenser microphone. The re-  
sults of these measurements  and their   implicat ions  are   presented  in   the  text .  
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APPENDIX C 

DESCRIPTION AND CALIBFNFION OF PRESSW TRANSDUCERS 

In the  present  experiments  the  commercially  available  capacity-type  trans- 
ducers  (ref. 41) were  used,  and  a  series  of  piezoelectric  ceramic  transducers 
suitable  for  the  envisioned  tasks  was  developed.  The  capacity-type  transducers, 
referred  to  as  condenser  transducers  in  the  main  text,  will be described  first. 

The  surface  of  the  ZIBR-150-5  microphone,  which  admits  the  pressure  fluctua- 
tions,  is  a  fine,  sintered  bronze  screen.  The  diameter  of  the  microphone  effec- 
tive or sensitive  to  pressure  fluctuations  has  been  estimated  to be 0.43  inch, 
although  the  clamped  plate  diameter  of 0.50 inch  could  have  been  used  in  the 
d/G* experiments  without  appreciable  effect.  The  surface  of  the  ZIBR-150-6  is 
of  polished  stainless  steel  with  a  single  hole  of 0.040 inch. 

The  installation  of  both  condenser  transducers  into  the  solid  wall  was 
accomplished  by  inserting  the  microphone  and  base  into  a  port  as  shown  in  fig- 
ure 2(d) .  The  design  of  the  port  included  the  requirements  of  pressure  sealing 
against  the  pressure  difference  existing  across  the  wind-tunnel  wall  and  the 
function  of  pressure  equalization  for  the  transducer.  The  pressure  seals  were 
two  O-rings  as  shown  in  figure 2(d). The  equalization of the  pressures  between 
the  boundary  layer  and  the  vent  space  was  accomplished  by  drilling  into  the  brass 
condenser-transducer  adapter-port  four small holes  spaced  circumferentially  about 
the  condenser  transducer  (see A in  fig. 2(d)). Pressure  equalization  between  the 
vent  space  and  the  interior  of  the  base  was  also  accomplished  by  drilling  four 
small  holes  into  the  aluminum  casing  of  the  base. A static  tap,  0.0625  inch  in 
diameter,  was  also  drilled  downstream  of  the  condenser  transducer  to  measure  the 
mean  static  pressure  very  near  it. A static  tap  into  the  vent  space  also  per- 
mitted  measurement  of  the  vent  pressure  during  the  experiments.  In  order  to  use 
the  previously  described  method  of  pressure  sealing  and  equalization,  it  was  nec- 
essary  to  modify  the  base. 

To obtain  usable  piezoelectric  pressure  transducers,  it  was  believed  at  the 
beginning  that  Willmarth's  improved  barium  titanate  pressure  transducer  (ref.  42) 
could  simply  be  copied.  However,  in  order  to  get  a  much  smaller  separation  dis- 
tance  between  two  pressure  transducers,  it  was  necessary  to  eliminate  from  con- 
sideration  the  extended  radial  dimensions  required  by  the  vibration-isolating 
structure  of  the  pressure  transducer.  However,  from  Willmarth's  earlier  results 
(ref.  43)  it  was  assumed  that,  in  order  to  use  a  transducer  with  an  axially 
polarized  barium  titanate  ceramic  element,  it  would  have  to  be  isolated  from 
vibration  to  minimize  as  much  as  possible  the  electric  signals  that  occur  as  a 
result  of  the  deformation  of  the  vibrating  elements.  This  would  have  particu- 
larly  been  a  problem  in  the  present  case  because  the  intent  was  to  use  an  element 
of  smaller  diameter,  0.125  inch or smaller,  if  possible.  The  desired  smaller 
diameters  would  have  resulted  in  a  reduced  sensitivity  to  pressure  pulses.  Con- 
sequently,  the  signal-to-noise  ratio  for  the  desired  transducer  would  even be 
smaller. 
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Considerable  time was spent i n  experimentation  with  various  shapes and 
types of piezoelectrlc  ceramic  elements  and w i t h  ways of mounting  them without 
vibrat ion-isolat ion  such  that  a signal-to-noise (where the  noise i s  defined as 
those  signals due t o   v i b r a t i o n  and/or other  extraneous  sources  that would i n t e r -  
fere  with  measuring  the  desired  signal)   ratio  of 10  decibels o r  greater  was 
achieved. The method f o r  checking this w a s  simply t o  compare t h e  measured  spec- 
t r a l  d i s t r i b u t i o n  of  the  output  from  the  amplifier w i t h  the  transducer  being sub- 
jected  to   wal l -pressure  f luctuat ions  with  that   obtained  for   the  t ransducer   not  
exposed to  wall-pressure  f luctuations.   This i s  accomplished  by i n s t a l l i n g   t h e  
transducer a t  the  same s t a t ion   i n   b l ind   adap te r   po r t s   t ha t  were constructed  such 
tha t   they  were  of e s sen t i a l ly   t he  same shape  and mass, but  did  not  allow  the 
boundary-layer  wall-pressure  fluctuations t o  come d i rec t ly   in to   contac t   wi th   the  
piezoelectric  transducer.  If at  any  frequency  the  difference i n   t h e  two spec t ra l  
d i s t r ibu t ions  w a s  l e s s   t h a n  10 decibels f o r  several  tests, the  transducer was re-  
jected. 

Finally,   several   piezoelectric  transducers of a par t icular   design  consis t -  
en t ly   passed   the   t es t   jus t   re fe r red   to .  These and o the r s   l i ke   t h i s   t ype  were 
used for a l l  the  measurements taken  with  the  piezoelectric  transducers. The 
transducers  consist  of a capped annular  piezoelectric element. The design i s  a 
modification of one f o r  a high-frequency  transducer  designed t o  measure pres- 
sure  pulses  such as those i n  shock tubes  (unpublished NASA data  by R. A. Yocke). 
Sketches  giving  the  detai ls  of construction of the  transducers  are shown i n   f i g -  
ures 2(a)  t o   ( e )  w i t h  piezoelectric  elements of diameters of 0.125, 0.0625,  and 
0.250 inch,  respectively. The piezoelectric  ceramic  used  for  these  transducers 
i s  PZT-5, a polycrystalline  modified  lead-zirconate-titanate  ceramic,  developed 
and manufactured by the  Clevite  Corporation. The material  i s  considered t o  be 
super ior   to  Barium Titanate Ceramic "Brr ( a l s o  manufactured  by  Clevite  Corp.) i n  
that   the   coupl ing  coeff ic ients  and piezoelectric  constants  are  approximately 
twice as great. 

The shape of the  piezoelectric  elements  used i s  an  annular  circular  cylinder 
of the   rad ia l ly   po lar ized   length  expander  type. When compressed o r  expanded 
ax ia l ly ,  a charge i s  developed on the  inner and outer  si lvered  surfaces of the 
annulus. This charge i s  proportional t o  the amount of deformation. The cap on 
the end  of the  element  greatly  increases  the  area on which forces  may ac t .   In  
the  case of wall-pressure  f luctuation  transducers,   an end cap i s  v i t a l   i n   o r d e r  
not to  disturb  the  boundary-layer flow. 

The manner of making the  pressure  transducer  can  be  i l lustrated,   for ex- 
ample,  by r e fe r r ing   t o   f i gu re  Z(a). The center  copper  lead  wire i s  inser ted 
through  the  Polypenco  insulator w i t h  a t i g h t   f i t ,  and i n   t u r n   t h i s  assembly i s  
inser ted  with a tight f i t  i n to   t he   b ra s s  body. A groove, 0.010 inch  in  depth,  
i s  put   in to   the  Polypenco,  and the  PZT-5 element i s  cemented in   place  with Cox 
Number 28 cement. P r i o r   t o  cementing on the  cap of 0.010-inch-thick  Polypenco, 
conductive  si lver  paint w a s  careful ly   put  on top of the Polypenco insu la tor  
making good contact  with  the  copper  lead  wire and the  inside  surface of the  PZT-5 
element a t  i t s  base. The cap w a s  then cemented i n  place. The outer  surface of 
the PZT-5 element w a s  grounded as near as poss ib l e   t o  i t s  base  with  conductive 
s i l ve r   pa in t .  A t  the   other  end of the  transducer  the  annular  space  between  the 
copper  wire  and  brass body w a s  f i l l e d  up by  ceramic  beads and Cox N d e r  28 
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cement  except  at  the  very  end.  Here,  through  a  side-drilled  access  hole  the  cop- 
per  wire  was  soft-soldered  to  a  Microdot  Connector  Nuniber 3103, which  was  al- 
ready  threaded  into  the  brass  body  and  soldered  externally  (and  thus  grounded). 
The  one  transducer  with  a  0.0625-inch-diameter PZT-5 element  (fig.  2(b))  was  made 
similar  to  that  with  the  0.125-inch-diameter  elements  (fig. 2(a)). The  brass 
body  of  the  transducer  with  the  0.250-inch  element  (fig.  2(c))  differed  from  the 
other  ones;  otherwise  the  transducer  was  essentially  the same. 

The  parts  of  the  construction  process  that  were  quite  critical  obviously  in- 
volved  the  PZT-5  element,  its  placement,  and  electrical  contact  with  other  parts 
of  the  transducer.  Among  the  several  dozen  transducers  made  were  some  that ex- 
hibited  erratic  behavior  and  quite  Low  sensitivity  to  pressure  fluctuations  (and 
a  resulting  surprising  response  to  vibrations). In practically  every  case  it 
appeared  that  the PZT-5 element  had  not  been  properly  positioned  in  the  Polypenco 
groove,  and  the  conductive  silver  paint  had  either  been  insufficiently  applied 
or  excessively so. All the  piezoelectric  transducers  used  in  the  results re- 
ported  in  the  text  were  carefully  selected. In the  case  of  the  pairs  used  for 
correlation  of  the  wall-pressure  fluctuations,  they  were  carefully  matched. 
The  transducers  were  calibrated  by  the  methods  indicated  in  appendix D. 

The  amplifier  used  in  connection  with  the  piezoelectric  transducers  was  a 
Decade  Isolation  Amplifier,  Model 102B, manufactured  by  Keithley  Instruments, 
Inc.  It  has  a  high  input  impedance,  low  output  impedance,  and  very  accurate 
gains  in  steps  of  20  up  to 60 decibels,  which  was  the  gain  setting  used.  The 
bandwidth  setting  used  gave  usable  response  from  2  to 150 kcps.  The  response  was 
often  checked  from 30 to 50,000 cps and was  found  to  be  flat  within  L0.2  deci- 
bels.  The  transducers  were  connected  to  the  Keithley  amplifiers  by  means of 18- 
inch  cables  with  a  Microdot  Connector  Number 3221 on  one  end  and  an  Amphenol  Con- 
nector  on  the  other  end  that  was  connected  to  a  Keithley  102B-P1  Probe  on  the  in- 
put  to  the  amplifier.  The  cables  were  made  from  Microdot  Low-Noise  Cable  Number 
50-3804. 

The  transducers  were  installed  either  into  the  8-inch  port  where  pairs  were 
used  for  correlations  or  into  smaller  ports, 1- inches  in  diameter. As pointed 
out  previously,  no  means  of  vibration  isolation  was  provided  since  it  was  not 
needed.  The  transducers  were  held  fixed in place by standard  hex-head  nuts. 
Pressure  sealing  was  simply  achieved by applying  a  quick-drying  paint  where  the 
transducer  brass  body  emerged  from  the  ports. 

1 
2 

Calibrations  of  the  amplitude  response  as  a  function  of  frequency  were  made 
for  all  the  pressure  transducers  used  in  the  ex-periments.  The  same  methods  were 
used  for  the  condenser  transducers  as  for  the  piezoelectric  transducers. To 
cover  as  broad  a  range of frequencies  as  possible,  two  different  types of cali- 
brations  were  made  for  each  transducer.  One  type  covered  the  lower  frequency 
range,  and  the  other  covered  the  higher  frequency  range.  These  calibrations  were 
performed  with  the  transducer  systems  set  up  and  operating  precisely  as  in  the 
experiments.  The  shock-tube  calibration  of  the  piezoelectric  transducers  was  not 
used,  as  this  would  yield  only  an  average  sensitivity  over the broad  frequency 
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range  of  response  and  give a value  for  the  corner  frequency. In addition, it 
would not  be a pa r t i cu la r ly   su i t ab le  method fo r   ca l ib ra t ing   t he  condenser trans- 
ducers.  Reciprocity  techniques  (ref. 44) fo r   ca l ib ra t ion  of the  transducers were 
not  considered  particularly  useful  because of the   lower   sens i t iv i t ies  of the 
piezoelectr ic  system. 

Over the  lower  frequency  range, 30 t o  10,000 cps,  the  transducers were pres- 
sure calibrated  with  the  use of an  Altec-Lansing  acoustic  calibrator.  In  the 
higher  frequency  range, 2000 t o  20,000 cps,  the  response was obtained  from com- 
parison  calibrations  with a cal ibrated W.E. 640M microphone as a standard. 

To per form  the   l a t te r   ca l ibra t ion  it was necessary to  construct  an  anechoic 
chamber (5  by 5 by 5 f t )  sui table   for   f requencies   greater   than 2000 cps. The 
source  used for   the  sonic  and ul t rasonic   s ignals  w a s  a high-frequency  driver 
powered by a suitable  amplifier.  The source w a s  extended  vertically llpward i n t o  
the  chamber along  the  identical   axis of the  transducers  pointing downward.  The 
functioning of the chamber as an  anechoic one w a s  b r i e f l y  checked along  the  axis  
of i n t e r e s t  and was found t o  be satisfactory  over  the needed  range  of  frequen- 
cies.  Considerable  care w a s  taken  to  duplicate  conditions as precisely as pos- 
s i b l e   f o r  a l l  t he   ca l ib ra t ion   t e s t s .  

The r e s u l t s  of the   ca l ibra t ion   a re   p resented   in   f igures   3 (  a )  to   ( e ) .   F ig -  
ures   3 (a)   to   (e )   a re   for   p iezoe lec t r ic   t ransducers  ZR, ZS, and ZT, respectively; 
f igures   3 (d)  and ( e )   f o r   t h e  condenser  transducers CA and CB, respectively. The 
ca l ibra t ions   p resented   in   f igures  3(a), (d) ,  and (e )   a re   for   t ransducers  that 
were used i n   t h e  measurements of magnitude  and spec t r a l   d i s t r ibu t ion  of the w a l l -  
pressure  f luctuations.  The c a l i b r a t i o n s   i n   f i g u r e s   3 ( a )   t o   ( e )   a r e   f o r   t r a n s -  
ducers   that  were  used i n  an  experiment t o  determine  the  effect  of d/6* (keeping 
6* constant)  on the magnitude  and spectral   d is t r ibut ion.  The cal ibrat ion  pre-  
sented  in   f igure  3(b)  i s  f o r  a piezoelectric  transducer of the  type  used i n   t h e  
wall-pressure  correlations. The ca l ib ra t ions   i n   f i gu res  3(a) and ( e )   a r e   f o r   t h e  
transducers  used  to measure wall-pressure  f luctuations  for  the  pressure-velocity 
correlations.  

Before  and after  experimental   surveys  the  level of s e n s i t i v i t y  of t h e   e n t i r e  
transducer  system was checked  with a sound-level  calibrator a t  a frequency of 
400 cps, and good agreement was obtained  with  the  values from the   ca l ibra t ion  
curves (LO. 2 db). 

No correct ions were made for  temperature  changes  or  static-pressure  changes 
from  standard  conditions. As reference 45 points  out,   the  piezoelectric  trans- 
ducer  having a high  mechanical impedance i s  unaffected  by  changes i n   s t a t i c   p r e s -  
sure.  While t h e  same statement  cannot  be  specifically made f o r   t h e  condenser 
transducers, from f igure  2 of reference 46, which shows the   p ressure   e f fec t  on a 
W. E. 640M  microphone (similar t o   t h e  2 D R  se r i e s ) ,   t he   e f f ec t  of a change i n  
pressure from 30 t o  22 inches of mercury i s  a change of about 0.2 d e c i b e l   i n  
response  over most  of the  range of frequencies. 
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The hot-wire  element  used t o  sense  the  f low  fluctuations was a tungsten  wire 
with a diameter of 2>(10-4 inch and  an  unplated or sensi t ive  length of 0.080 inch. 
The hot-wire anemometer used  herein i s  the  constant-temperature anemometer de- 
sc r ibed   in   re fe rences  24 t o  26. The amplifier  used i n  the  present  experiments 
i s  the  improved version  with  regard  to  frequency  response  (see  ref. 47). The 
frequency  response  of  the  entire  system  including  amplifier,  bridge,  wire, and 
cables i s  f l a t  within 1 decibel  from 0 t o  100,000 cps. 

The measurement6 taken  with  the  hot-wire anemometer were analyzed  using  the 
empir ical   re la t ion between heat loss and mass f low  for  small e l ec t r i ca l ly   hea t ed  
cylinders I 

i2R = A + B G U  R - Ra 

where i and R ( i n   t h i s  appendix  only)  are  the  wire  current and resis tance,  
respect ively,   for   the mass flow pU, Ra i s  the   res i s tance  of the  wire a t  some 
reference  temperature,  that is, temperature of the  surrounding  airflow, a d  A 
and B are  experimental  constants  to  be  determined for each  wire. An equation 
of the  form of ( D l )  was f i rs t  theore t ica l ly   der ived  by  King (ref .  49) as the  heat 
loss  from small c i r cu la r   cy l inde r s   i n   po ten t i a l  flows.  This  empirical  relation, 
while  obviously  not  accounting  for  the  viscous  effects  in  the  f low  about  cylin- 
ders ,   has   been   jus t i f ied   in   genera l  by the  experimental   results.  The exceptions 
t o  i t s  va l id i ty   genera l ly   a r i se   in   ra re f ied-gas   f lows  where t h e  mean-free  path 
becomes of the  same order as the  wire  diameter (Knudsen number e f f e c t s )  or a t  
supersonic  speeds (Mach  number e f fec ts ) .  The hot-wire measurements a r e   f o r  
Knudsen numbers greater   than 0.01 and  Reynolds numbers ( r e fe r r ing   t o   t he   w i re  
diameter)  greater  than 25. According t o   f i g u r e  2 (  a )  of reference 49, f o r  this 
range of parameters it i s  permissible   to   say  that   the   s l ip-f low problem i s  neg- 
l ig ib le .   In   addi t ion ,   the  s m a l l  deviation  from 0.5 of the  exponent  of the  King’s 
equa t ion   ( r e fe r r ed   t o   i n   r e f .  50) does  not  have  any r e a l   s i g n i f i c a n c e   f o r   t h i s  
range  of  parameters  providing  that  essentially  the  constants A and B a r e  ob- 
tained  experimentally  for  each  wire. This was the  procedure used. The develop- 
ment of the   sens i t iv i ty   equat ions  i s  presented  in  appendix F of reference 24. 
The f luc tua t ing  mass flow i s  shown t o  be  given  by 

- 2 
pu [. - (31 

where 
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e  is  the  instantaneous  electrical  voltage,  and e, is  the  voltage  across  the 
wire at  no  flow. From = * 3- 

- 

P u '  

provided  that  the  density  fluctuations  can  be  safely  assumed  to  be  negligible  (in 
comparison  with  the  velocity  fluctuations).  This  is  certainly  the  case  in  the 
present  experiments  since maximum Mach  numbers  encountered  are  approximately 
0.60 (as  the  free  stream  is  approached)  and  also  since  the look of  any  heated 
boundaries  in  the  flow  suggests  that  the  temperature  fluctuations  are  negligible. 

The  ratio  of  fluctuating  velocity to the  stream  velocity Uw was  determined 
- 

by  the  relation 

where U/Em was  determined  from  the  boundary-layer  pitot-tube  measurements or 
from  the  hot-wire  measurements  and  the  free-stream  aerodynamic  measurements  as 

- 

and 

where p/p, can  be  readily  calculated  from  a  knowledge of the  free-stream  Mach 
number % and  aerodynamic  flow  tables  such  as  those in reference 51. 

Equations (D5) and (D6) were  used  to  calculate  the  data  of  figures 36(e) to 
(i),  which  give  representative  values of G / U m  and z obtained  during  the 
experiments  designed  to  measure  the  correlations  of  the  wall-pressure  fluctua- 
tions  with  the  velocity  fluctuations  in  the  boundary  layer. 

The  wires  were  calibrated  by  noting  the  direct-current  bridge  voltage  under 
free-stream  airflow  conditions and zero-flow  conditions.  The  direct-current 
voltages  were  measured  by  reading  the  voltage  drop  across  a known wire-wound 
resistor.  The  fluctuating  voltage  was  measured in terms  of  its  root-mean-square 
value  by  using  a  true-root-mean-square  meter. 
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The pos i t ions  of the  hot-wire  probe were indicated  automatically  by  the 
e lec t r ica l ly   opera ted   p robe   ac tua tor  and a l so   wi th  a d i a l   i nd ica to r   u sed   t o  meas- 
ure   posi t ions  near   the w a l l  t o  withinrt0.005  inch. The reference  posi t ion of t h e  
hot-wire  probe was determined  by  allowing  the  probe t o  be  slowly  actuated  toward 
t h e  w a l l  u n t i l  one or both of the  prong  t ips   actual ly   touched  the w a l l  and made 
e lec t r ica l   contac t   wi th  it. Electr ical   contact   wi th   the wall was determined from 
the   meters   inuca t ing   the   d i rec t -cur ren t  component  of bridge  voltage.  Usually 
the   cur ren t   suppl ied   to   the   wi re  would suddenly  increase,  and  the anemometer sys- 
t e m  would automatically  switch of f  cur ren t   de l ivery   to   the   wi re j   then   the  anemom- 
e t e r   con t ro l s  were r e s e t   ( a f t e r  moving the  hot   wire  away from  wal l )   to  admit 
e l ec t r i ca l   cu r ren t   t o   t he   w i re .  
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SPACE-TIME CORRELATION DEASUREMENTS 

The space-time  correlation measurements a r e  concerned  with  the  determination 
of a coefficient'   that  can  be  mathematically  expressed as 

where e l  and eZ  a re   the   f luc tua t ing   e lec t r ica l   vo l tages   recorded  (a t  a tape  
speed of 15 in . /sec)  on channels 1 and 2, respectively, of the  tape  recorder  and 
where ~r, and ~fh are,   respectively,   the  posit ion  vectors of the   po in ts  at 
which these  measurements are  taken.  In a l l  the   cor re la t ion  measurements e l  w a s  
obtained from a transducer  sensing  wall-pressure  fluctuations;  for  the  space-time 
correlat ions of wall-pressure  fluctuations, e2 also  represented a wall-pressure 
f luctuat ion.  For the   correlat ions of the  wall-pressure  f luctuations  with  the 
veloci ty   f luctuat ions,  e2 represents   the  veloci ty   f luctuat ion.  When an auto- 
correlat ion measurement w a s  made, e l  and e2 originated from t h e  same t rans-  
ducer ( el 3 e2 and 3 3 zh) . The time  delay T t o  which t h e   e l e c t r i c a l   v o l t -  
age e2 i s  subjected i s  obtained upon playback of t h e  recorded  signals.  This 
was done  by using a tape   recorder   f i t t ed  w i t h  a se t  of magnetic  heads  such that  
t h e  head f o r  channel 2 can  be moved in   t r ans l a t ion   pa ra l l e l   t o   t he   d i r ec t   i on  of 
tape  mot i o n   ( r e l a t i v e   t o   t h e  magnetic  head for  channel 1). The mot ion of t h e  
movable  head w a s  controlled and  measured  by a micrometer head w i t h  a m a x i m u m  ac- 
curacy of lX10-4 inch by means  of t he vernier  of t he micrometer. 

The e l e c t r i c a l   v o l t a g e s   e l  and e2 were then  amplified  properly and 
mult ipl ied  e lectronical ly .  The output of the  analog  electronic  multiplier and 
the  output of a l inear ,   in f in i te   reso lu t ion   po ten t iometer   a t tached   to   the  movable 
magnetic  head  are  connected t o   i n p u t s  of an X-Y recorder. The micrometer  head 
w a s  moved manually t o  ensure as carefu l  as poss ib le   p lo t t ing  of the   par t icu lar  
cor re la t ion   coef f ic ien t  as a function of T.  Whenever necessary,  the  curve was 
retraced as many times as required. 

The cor re la t ion  computer,  which i s  desc r ibed   i n   g rea t e r   de t a i l   i n   r e f e rence  
52, i s  included i n   t h e  block diagrams  presented i n   f i g u r e  5. The amplitude  re- 
sponse as a function of  frequency of the  entire  tape  recording  system  through 
cor re la t ion  computer  system w a s  constant ly   cal ibrated and  checked,  and i t s  re-  
sponse w a s  f l a t  1 2  decibels   ( referenced  to  1000 cps) from 30 t o  15,000 cps. The 
maxhm  cor re la t ion   coef f ic ien ts   ob ta ined   for  a sine wave signal  recorded on both 
channels of t h e  magnetic  tape  (autocorrelation of sine waves)  gave t h e   r e s u l t s  
shown in   the   fo l lowing   br ie f   t ab le :  
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Variable  high-pass and low-pass  electronic  filters  were  used to reject 
various portions of the  spectrum  for  a  limited  number  of  the  correlations  to 
determine  the  effect of rejecting  part of the  frequency  range  of  the  fluctuating 
signals. 
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TABLE I. - LIST OF PPJ3SSuRE TRANSDUCERS 
-~ 

Type of 
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Diameter 
of 
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"""" 

"""" 

"""" 

"""" 

"""" 

"""" 

"""" 

- - - - - - - - 
"" "" 

"""" 

- . . - - . . - - -. . 
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Alpha- 
betic 
de  sig- 
nation 

~~ ~ 

CA 

CB 

m 
zs 
ZT 
ZD 
ZG 
ZH 
ZI 
ZJ 
ZN 
ZP 

Type of 
neasurement 

fall-pre s sure 
fluctuations 

I 

t" 40 F t  

Valve  for 
secondary Di f fuser-  

Vibrat ion 
isolation, 

0 
Diffuser-, 

n - n  n \ 

I I 7 I r I I  
"_ II 

/Control  \LControl 

Fi l ters 
block  section '\ 

section 
Screens"' valve  for  main  flow 

(a) Complete wind  tunnel. 

R o d  controll ing  extent o f  
suction  for &in. sides 

(b) Test-section  detail. 

Figure 1. - Wind-tunnel  facility. 
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II IIIIIIII I I1 Ill1 I 

r0.125 0.0. ~ 0 . 1 2 5  langx0.010 
,I’ annular P Z T - 5  element 

cemented  in 0.010 groove of 
insulator  ond  capped  with 
0.010 insulator 

\Silver  conducting  point 

”-0.25-28 Thread 

“ # 2 0  Copper  wire 

,-Ceramic beads  ond 
Cox # 2 8  cement 

Copper  wire  soldered t o  
center  pin of  Microdot   and 
insulated  with cement 

-Microdot #3103 connector 
soldered to brass  body 

(a)  Piezoelectric transducer  with  0,125-inch PZT-5 element for Wall- 
pressure  fluctuations.  (Dimensions  are in  inches.) 

0 ~ ~ 3 ’ -  0.182 7 0 . 0 6 2 5  O.o.xO.0625 long 

~ ,.M ,I ~0.010 annu lar   PZT-5  0.0625-M ’ 
element  cemented  in 
0.010 groove of insulator 0.0625 

1 

Insulator- 

# 2 0  c opper  wire^ 

(b) Piezoelectric transducer  with 0,0625-inch PZT-5 element for  wall- 
pressure  fluctuations.  (Dimensions  are i n  inches.) 

thick  annulor PZT-5 
r0.25 O.D.xO.25 longX0.015 

bo,625d 0.020  groove of insulotor 
/ element  cemented in  

and  capped with 0.01 5 

.625-48  Thread 

,020 

‘“Silver  conducting  paint 

“#20 Copper  wire 
(solid  areal 

(c) Piezoelectric transducer  with  0.25-inch PZT-5 element for  wall- 
pressure  fluctuations.  (Dimensions  are i n  inches.) 

Figure 2. -Transducers used to 

 modified back  end 
of base 

l65A Base- 

rAdapter   housing 

rVen t   space  

/Vent  hole 

I 

( A I J  ,,’ ‘(AI 
LCondenser  heads, 

BR-150-5  or BR-150-6  

(dl Condenser transducer  installed  for  wall-pressure  fluctuations. 

measure fluctuating pressures. 
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(b) Transducer ZS; diameter, 0.125 inch. 
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(d) Transducer CA; diameter, 0.43 inch. 
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(c) Transducer ZT; diameter, 0.250 inch. (e) Transducer CB; diameter, 0.040 inch. 

Figure 3. - Measured  response of transducers used in  experiments. 
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Pressure I 

transducer>'  Hot-wire 
probe>' ; 

Cable to ,/ 
amplif ier-' 

(a) Side view. 

Flow 

'Hot-wire  probe 

transducer>' 

(b) Plan view. 

Figure 4. - Sketch of a hot-wire probe and a pressure  transducer used 
in  measuring  correlation of velocity fluctuations  with  wall-pressure 
fluctuations. 
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rms Monitoring 

(a) I n  taking data for  correlations of wall-pressure  fluctuations. 

True 

voltmeter 

Monitoring rms oscil loscope 
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Pressure 
Decode 

isolat ion -k 
transducer  amplif ier 

b Dual-channel 

probe 
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dual-channel  tope  recorder 

r-""""- 1 . 
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I Fixed 
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I magnetic 

head 

magnetic 
head 

Switching Electronic Damping 
c i r cu i t  mult ip l ier  network 
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p lo t te r  

Movable  magnetic - Vacuum 

d.c. volts 
voltmeter, 

- Correlation tube 

head  posit ion  coeff icient 

(c) Correlation computer. 
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Figure 6. - Longitudinal  variation of free-stream  Pressure 
and  Mach  number at centerline of wind  tunnel. 

(a) Mach  number as  a function of distance from wall. 
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(b) Dimensionless  velocity as  a function of dimensionless  distance from wall. 

Figure 7. -Typical  boundary-layer mean velocity  profiles. 
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Figure 8. - Variation of displacement thickness  with  longitudi- 
nal distance.  Free-stream  Mach number, 0.60; Reynolds 
number per  foot, 3.56~10~. 

Figure 10. - Boundary-layer  profile of ratio of longitudinal 
intensity to free-stream  velocity. Longitudinal distance, 
9.25 feet; free-st earn Mach number, 0.605; Reynolds 
number, 3.98~10 5 . 
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Figure 9. - Local skin-friction  coefficient as a  function of 
Reynolds number. 
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Figure 11. - Comparison of several boundary-layer  profiles of 
longitudinal  turbulent  intensity divided by free-stream 
velocity. 
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Figure 12. -Variation of turbulent  intensity  with Reynolds 
number based on effective turbulent  length ( x  - x,$. 
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Figure 13. - Comparison of u-fluctuation spectra with Klebanoff data (ref. 28) 
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tuations as a function of d16. 

.008 

e 

d .0°6 

I I JIII A 

.004 
.I I 

d/S * 

Figure 15. - Comparison of root-mean-square wall-pressure 
fluctuations  with  Willmarth data (ref. 19). 
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Figure 16. - Mean-square spectra of wall-pressure  fluctuations. Free-stream  Mach number, 0.60; Reynolds number per foot, 3 .45~10~.  
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Figure 18. - Comparison of spectra of wall-pressure  fluctuations  for  various flow c nditions i n  test  section. Transducer CB; diameter, 
0.040 inch;  free-stream Mach number, 0.60; Reynolds number per fwt, 3.45~10 . t 
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Figure 19. - Comparison of spectra of noise levels  measured 
at inlet of wind  tunnel  with spectra of wall-pressure fluc- 
tuations.  Transducer CA; diameter, 0.43 inch. (For  ex- 
ternal noise  measurements microphone faced upward and 
downstream. I 
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Figure 20. - Spectral value of relative peak at each measuring 
station plotted against station x. Transducer ZR; diameter, 
0.0625 inch. 
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Figure 21. - Frequency  at which  the  relative peak occurs plot- 
ted against station x. Transducer ZR; diameter, 0.0625 inch. 

Figure 22. -Comparison of dimensionless mean-square  spectra with  results of other investigations.  Free-stream  Mach number, 0.60; 
Reynolds number per foot, 3 .45~10~ .  
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Figure 23. - Replot of  Willmarth's spectra (ref. 19) of wall-pressure  fluctuations as  a function of frequency. 
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Figure 24. - Comparison of experimental  values of root-mean- 
square  magnitude of wall-pressure  fluctuations  with  Lilley 
theory  (ref. 17). 
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Figure 25. - Correlation of wall-pressure  fluctuations  at two points as  a function of time delay. 
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Figure 25. - Concluded. Correlation of wall-pressure  fluctuations at two points as a function of time delay. 
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Figure 26. -Typical  autocorrelations of wall-pressure  fluctuations. 
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Figure 27. - Comparison of spectra  measured by transducer  pairs 

used in  obtaining  correlations of wall-pressure  fluctuations. 
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Figure 29.  - Comparison for Ropt ( &  = 7, Tq& of experi- 
mental curve  with  that  calculated  from optlmum correla- 
tions obtained for ( = 0 and 7 = 0. 
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Figure 31. - Ratio of convection to free-stream  velocities as  a 
function of  (-component  of separation  distance. 
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Figure 30. - Comparison of correlation  coefficient Ropt ( E ,  0, 
Top$ with  Willmarth data (ref. 19). 7 = 0. 
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Figure 32. - Comparison of ratio of convection to free-stream 
velocities with  Willmarth data (ref. 19). 7 = 0. 
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(a) Autocorrelation  with  transducer ZF. 

Figure 33. -Effect of high-pass-band filtering on correlation of wall-pressure  fluctuations as a function Of time delay. 
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Figure 33. - Concluded. Effect of high-pass-band filtering on  correlation of wall-pressure  fluctuations as a function of time delay. 
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(a) Autocorrelation  with  transducer ZF. 
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(b) For E =  0.88 inch  and 9 = 0. 

Figure 34. -Effect of low-pass-band filtering on correlation of wall-pressure  fluctuations as a  function of time delay. 
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Figure 34. - Concluded.  Effect of low-pass-band filtering on correlation of wall-pressure  fluctuations as a function of time delay. 
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Figure 36.. - Correlation of velocity fluctuations  with  wall-pressure  fluctuations, measured with  transducer ZS. 
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Figure 37. - Correlation of velocity  fluctuations  with  wall-pressure  fluctuations, measured with  transducer CB. E = O ;  T =  0.003 inch. 
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Figure 38. : Significant  characteristics obtained from  correlation of velocity  fluctuations  with  wall-pressure  fluctuations. 
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Figure 38. - Continued.  Significant  characteristics obtained from  correlation of velocity fluctuations  with  wall-pressure 
fluctuations. 
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Figure 38, - Concluded. Significant  characteristics obtained from  correlation Of velocity  fluctuations  with  wall-pressure  fluctuations. 
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Figure 41. - Spectra of  wall-pressure  fluctuations,  measured by 
transducer ZS during  surveys  for  correlation data and show- 
ing  interference effect of hot-wire probe. 
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Figure 44. -Effect of high-pass-band fi l tering on correlation of velocity fluctuations  with  wall-pressure  fluctuations,  measured by trans- 
ducer CB. z = 0.012 inch; E w p O .  
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Figure 45. - Comparison of 5, with  the  intermittency data 
of Klebanoff  (ref. 28) and  Corrsin  and  Kistler  (ref. 31). 
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